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Abstract

Seafloor-hugging flows, known as turbidity currents, transport sediment from shallow to deep
water via submarine channels. These flows carry globally important volumes of sediment, and
transport organic carbon, oxygenated waters, nutrients and contaminants that accumulate
within submarine channels and at their downslope terminal lobes or submarine fans. The
often-powerful nature of turbidity currents poses a significant hazard to critical seafloor
infrastructure. Previous studies have largely relied upon the study of ancient deposits or
scaled-down measurements of laboratory-scale flows to understand turbidity currents. Several
conceptual models exist, but it remains unclear as to whether turbidity currents show a distinct
behaviour at different scales, or if a continuum of behaviour exists from small to large events.
Recent technological advances allow us to investigate these issues. The advent of
Autonomous Underwater Vehicles enables mapping of the seafloor at unprecedented detail,
repeat surveys record previously-unseen seascape changes, while Acoustic Doppler Current
Profilers record the range of internal structures observed in field-scale turbidity currents for
the first time. In this thesis, I use high-resolution data acquired in several modern offshore
systems to analyse turbidity current behaviour across various spatial and temporal scales.
First, a global analysis of direct velocity measurements of turbidity currents reveals two end-
member modes of turbidity current behaviour that range from: 1) a sudden peak in velocity
that decays exponentially, lasting minutes to hours; to ii) sustained flow that lasts for days. I
show that a continuum exists between these flow modes; likely controlled by the proportion
of sand or mud within the flow. Second, an extensive (65 x 50 km) and detailed (5 m bin size)
seafloor survey offshore East Africa, reveals a variety of bedforms within two deep-sea
canyons. Morphometric analysis reveals a continuum from small-scale (10s m wavelength)
crescentic bedforms to large-scale (kms wavelength) sediment waves. This continuum is in
contrast with a previous global study, but that study did include such high-resolution deep-



water data. Previous studies may have missed an intermediate scale of bedform due to the
decreasing resolution with increasing water depth-related. Small to medium-scale bedforms
may be more common in the deep sea than currently thought. Third, I analyse repeat mapping
of an active submarine delta to reveal how turbidity currents build stratigraphy. As a result of
the reworking caused by repeated flows, the completeness of the stratigraphy record over three
months is found to be 10% on average. The stratigraphic record is dominated by large events.
Large slope failures are more likely to be preserved than smaller bedforms, while erosion is
dominated by rare, but powerful turbidity currents that can obscure the record of smaller
flows.

I conclude that a continuum in turbidity current behaviour exists across various scales of flow,
from small fjord channel systems to the largest submarine channels on the planet. The mode
of flow is dominantly controlled by the grain size of the sediment available in the system. The
continuum in bedform scales reflects both the downstream evolution of turbidity currents, as
they expand due to mixing with ambient seawater and entrainment of seafloor sediment, and
modifications caused by seafloor morphology. What becomes recorded in stratigraphy does
not show a gradual continuum, however, and instead appears to be strongly biased by larger
but infrequent events. These findings from modern systems provide new insights to inform
the understanding of ancient depositional records and have implications for assessing seafloor
hazards and understanding deep-sea sediment transport in general.
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Chapter 1

Introduction

1.1 Rationale

Turbidity currents are subaqueous density flows that travel downslope due to the higher
density of the sediment they carry in suspension compared to the ambient water (Daly, 1936;
Middleton and Hamp,1976) (Figure 1.1 Panel A). They are amongst the most important
sediment transport processes and form the some of the largest sedimentary bodies on our
planet (Talling et al., 2012). Understanding the behaviour of these sediment-laden flows is
important because it modulates the efficiency and extent transport of sediment, organic carbon
and pollutants to the deep-sea, and dictates the nature of impacts to critical seafloor
infrastructure such as telecommunication cables (Galy et al., 2007; Carter et al., 2014; Pohl et
al., 2020; Zhong and Peng, 2021). In fact, one of the first lines of evidence for the existence
of turbidity currents was a series of faults along sequential seafloor telecommunications cables
in 1929, following a large earthquake-triggered submarine landslide that generated a long run-
out turbidity current (Figure 1.1 Panel B; Stevenson et al., 2018). The importance of
understanding this and similar events is heightened nowadays; particularly given our
increased reliance on the network of subsea telecommunications cables that spans the world’s
oceans (Carter et al., 2014).

As turbidity currents are notoriously difficult to observe directly (Inman et al., 1976; Carter
et al., 2014; Pope et al., 2017; Talling et al., 2015; Clare et al., 2017) (Figure 1.1 Panel A), we
often rely on inferences made from studies of ancient deposits from outcrops of sediment
cores, laboratory-scale physical experiments and numerical models to better understand them
(e.g. Bouma, 1964; Kuenen, 1966; Middleton and Hampton, 1976; Mohrig and Marr, 2003;
Baas et al., 2005; Covault et al., 2016). Deposit-based studies, such as outcrops provide
valuable information on the deposits of turbidity currents (turbidites); however, the link to
formative processes remains speculative, as different flow types may produce similar deposits
(Covault et al., 2016; Stevenson et al., 2018; Hubbard et al., 2020). Laboratory-scale
experiments provide an important aide to understand the inner mechanics of turbidity currents,
but there are scaling issues, some of which, but not all, can be overcome concurrently
(Sequeiros et al., 2012; Talling et al., 2012; Imran et al., 2017; de Leeuw et al., 2018).
Numerical modelling has tended to use depth-averaged models, which omits the natural
vertical velocity and structure of the flows (Kostic, 2014). Even with recent advances in
computing power, complex 3-D numerical modeling necessarily makes a number of
assumptions, especially with regards to sediment erosion, that are based on laboratory-scale
observations, due to a paucity in field-scale flow measurements (e.g. Talling et al., 2012;
Vellinga et al., 2016; Azpiroz-Zabala et al., 2017; Salinas et al., 2021).
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Figure 1.1 A: global map showing the location of published studies that have reported direct
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Recent advances in remote sensing technology have enabled the first detailed direct
measurements of field-scale turbidity currents, however (e.g. Paull et al., 2002; Xu et al., 2004;
Khripounoff et al., 2012; Xu et al., 2013; Hughes Clarke, 2016; Azpiroz-Zabala et al., 2017;
Paull et al., 2018). It is therefore an exciting time as, these and future measurements in
modern, active systems, provide new opportunities to fill key but outstanding knowledge
gaps; one of which is to link flow observations with their most recent deposits (e.g. Symons
et al., 2017). The records of past turbidity currents, in the form of their deposits, and the
bedforms that they create on the seafloor, will remain important archives for understanding
the behaviour of turbidity currents (e.g. Bouma, 1964; Kuenen, 1964; Zeng et al., 1991; Piper
and Normark, 2009; Hubbard et al., 2014 ; Postma and Cartigny, 2014; Maier et al., 2019).

1.2 Sites studied in this thesis

So far no one has compared different dataset acquired with different techniques and from
different sites worldwide to build up a general understanding of how flow behave, interact
with the seafloor and sculp the stratigraphic record.

However, there is now sufficient flow monitoring data available to begin considering more
general questions about the dynamics of turbidity currents across multiple systems. In Chapter
2, I analyse high-resolution depth-resolved velocity measurements, because I aim to assess
the diversity and commonalities in the maximum velocity structure of turbidity currents that
were recorded using downward-looking Acoustic Doppler Current Profilers (ADCP), at seven
different physiographic systems worldwide from 60 m to 2,300 m water depth (Figure 2.1).

To study the interaction between turbidity currents and seafloor, I present in Chapter 3 an
unusually detailed and extensive AUV bathymetry dataset - 5 m across a large area, with inset
surveys of even higher resolution - to analyse the geometric characteristics of sediment waves
along two major canyons crossing the continental slope offshore Mozambique. Because the
extension of this survey spans from shallow (~60m water depth) to deep water (~3000m water
depth), in this study I explore the physical controls on the distribution of the different scales
of bedform, its continuity and implications for flow behaviour in the deep sea. This study also
allows me to fill in a previously data gap in bedform dimensions identified by Symons et al.,
2016 and revise their previously proposed model of flow behaviour.

To observe and measure active flows, in Chapter 4 I study the Squamish delta that has proven
to be an ideal test site due to the high frequency of turbidity currents (more than 100 per year).
During recent years it has been the site of repetitive multibeam echo-sounder survey programs
which aimed to monitor the temporal evolution of the prodelta morphology and to capture the
spatial pattern of seabed changes, as the delta grows. I, therefore, took advantage of the 93
repeated high-resolution hydrographic surveys (Hughes Clarks et. al., 2011) to study the
highly active system from source to lobe that, in a very compact area, features three channels
(northern, central and southern) which initiate from a delta-lip and extend to depositional
lobes at approximately 150 m water depth. This study highlights how the three submarine



major channels at Squamish delta acted as a conduit for recurrent turbidity current activity
shaping the seafloor by localised erosion and deposition.

1.3 Structure of the thesis

This present chapter provides the rationale and context for the three specific research
questions listed below, and address in Chapter 2to Chapter 4. The science chapters are
presented in this thesis in their ‘journal format’. Chapter 2 is currently under review in
Geophysical Research Letters. Chapter 3is in preparation for submission to Marine Geology.
Chapter 4has been published in Earth and Planetary Science Letters. In the following
chapters, I analyse the available and different datasets collected around the world, spanning
shallow water fjord systems to full ocean-depth submarine channels, acquired using systems
including Acoustic Doppler Current Profilers (ADCP) to measure the velocity of active
turbidity currents (Chapter 2), and multibeam echo sounders deployed from an Autonomous
Underwater Vehicle (AUV; Chapter 3) and from a research vessel (Chapter 4). These datasets
were collected by various organisations, to which they are attributed in the relevant chapters.
Together, Chapters 2, 3 and 4 enable a better understanding of turbidity currents behavior
because they provide new insights into the factors that influence flow processes (Chapter 2),
and explain how turbidity currents interact with the seafloor (Chapter 3) and the deposits they
leave behind (Chapter 4). Finally, Chapter Soutlines a summary of the main conclusions with
suggestions for future work.

1.4 Thesis aims

This thesis takes advantage of several new high-resolution data sets from modern systems that
document how turbidity currents behave at field-scale, how they sculpt the seascape and build
stratigraphic records over relatively short timeframes (i.e. days to months).These direct field
observations bridge a gap between turbidity current behaviour and their deposits and help to
answer the overarching thesis aim.

Overarching aim: Is there a continuum in turbidity current behaviour across spatial
and temporal scales?

To answer this aim, I considered three main aspects of turbidity currents. First, [ investigated
if direct measurements of turbidity currents worldwide reveal whether distinct flow modes
occur, or if there is a continuum in behaviour between end-member states. Second, unusually
high-resolution seafloor data are used for the morphometric analysis of bedforms in deep-sea
channels, offshore Mozambique, to determine if a continuum exists in the scale of flows that
sculpted the seafloor. Finally, 93 daily repeated seafloor surveys performed at the highly
active Squamish submarine delta, British Columbia, allow me to investigate whether all scales
of flow are equally recorded in the resultant stratigraphy, or if infrequent, but larger events



bias that preservation. I now discuss the three main research questions addressed in Chapter
2 to 4.

Question 1 (Chapter 2): Is there a continuum in the velocity structure of turbidity currents,
and what controls that behaviour?

Chapter 2 Motivation: There are numerous models for how turbidity currents behave (e.g.
Bagnold, 1962; Middleton, 1966; Parker et al., 1986; Cantero et al., 2012; Azpiroz-Zabala et
al., 2017; Symons et al., 2017; Heerema et al., 2020), each having very different implications
for understanding shallow to deep sea sediment, carbon and pollutant flux, and the nature of
geohazards that affect seafloor infrastructure. The advent of direct monitoring of turbidity
currents has provided the chance to measure flow behaviour at field-scale, but to date no one
has synthesised the measurements that have been made at multiple sites. These are the issues
that underpin the motivation for this chapter — maximizing the value of flow measurements at
multiple sites to investigate, for the first time, the diversity of monitored turbidity current
behaviour and what the physical controls are on that behaviour.

Stimulated by advances in monitoring technology, the number of studies that make direct
measurements of turbidity currents at field-scale has grown rapidly over the past decade
(Figure 1.2; Clare et al., 2020 and references therein). Several of these studies have proposed
new models for how turbidity currents behave. For instance, Azpiroz-Zabala et al. (2017)
identified that turbidity currents in the deep-sea Congo Canyon, West Africa, can be driven
by a fast-moving (2-3 m/s) frontal cell, in contrast with previous models that were based on
laboratory-scale flows. Symons et al. (2017), and subsequently Paull et al. (2018),
demonstrated how fast-moving (up to 7 m/s) turbidity currents in the Monterey Canyon,
California, include a dense near-bed layer that can also outrun the rest of the flow. Hughes
Clarke (2016) reached a similar conclusion from measurements of smaller flows that reaches
velocities of the order 2-3 m/s on the Squamish submarine delta in British Columbia, Canada,
where the dense near-bed part of the flow causes localised erosion on the steeper lee side of
bedforms. In contrast, Sumner and Paull (2014) observed a much slower-moving (<1 m/s)
turbidity current in the Mendocino Canyon, demonstrating that more sluggish and dilute flows
exist. So, are these new models for flow behaviour distinct or is there a continuum of flow
modes between end member states? To date, no studies have collated measurements to
provide a quantitative comparison and understand how flows vary across different systems.
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Figure 1.2 Comparison of tubidity currents in different settings. These flows have been measured in the
ocean from Azpiroz-Zabala et al. (2017). The flows in the Congo Canyon last significantly longer (days)
than those measured elsewhere (minutes to days).

Chapter 2aims to address this issue and provides the first global comparison of the first
available measurements of turbidity current to understand whether there are distinct types of
flow, or instead if a continuum exists between end-members. I compare the temporal evolution
of the maximum velocity of turbidity currents detected at different systems worldwide that
range from active channels in fjords, deep-sea channels offshore from major rivers, to shelf-
incising canyons where sediment is delivered by littoral (along-shelf) transport. First, the
chapter discusses what flow modes exist for turbidity currents in these disparate settings.
Second, the chapter investigates the physical controls on the observed flow behaviour.
Previous studies have suggested that system type and the initial trigger may control the type
of turbidity current (Mulder et al., 2001; Mohrig and Marr, 2003; Goldfinger et al., 2007;
Howarth et al., 2021), while others have proposed that grain size of the sediment available for
transport may be more responsible (e.g. Hiscott, 1994; Baas et al., 2005; ). Determining the
physical controls on flow behaviour, and if this behaviour is dependent or independent of the
type of system and trigger, will provide valuable information for future studies where
acquisition of direct monitoring data is logistically or financially prohibitive. For instance,
this will inform the nature of hazard posed to critical seafloor infrastructure such as
telecommunications cables and pipelines and will aid with understanding the transport and
burial of particles such as organic carbon and pollutants (including microplastics) (e.g. Galy
et al., 2007; Kane et al., 2019; Hage et al., 2020; Pohl et al., 2020;).

Question 2 (Chapter 3): Is there a continuum in the dimensions of bedforms created on the
seafloor by turbidity currents, and what are we currently missing from deep-sea surveys?

Chapter 3 Motivation: Bedforms are the building blocks of many sedimentary systems
(Covault et al., 2014). Often we lack direct measurements of flows, such as those in Chapter
2. Morphometric analysis of bedforms therefore provides a valuable proxy understanding of
flow behaviour. The variability of bedform morphologies and scales can provide key insights
into the diversity of flow behaviour; in particular whether there is a continuum in magnitude
of flows, or whether distinct modes of flow exist. Previous global analysis of seafloor
bedforms indicated that turbidity currents show distinct behaviour that either gives rise to
dune-scale or much larger bedforms with km-scale wavelengths, but was hindered by the lack



of high-resolution seafloor data in deep water. In Chapter 31 analyse a dataset that fills this
resolution gap to tackle this question that has important implications for understanding what
we may be missing from existing, low resolution seafloor surveys and in turn motivates a need
for acquiring new high resolution bathymetric data in active submarine depositional systems
worldwide.

A global analysis of seafloor bedforms created by turbidity currents identified two clusters in
scales, between which there was a statistically-significant gap (Symons et al., 2017; Figure
1.3 Panel A). These clusters included small-scale (tens of metres wavelength) bedforms that
are restricted to confined (canyon or narrow channel) settings and large-scale (kms
wavelength) sediment waves and scours that were observed at the distal reaches of channels
and on unconfined slopes.

Symons et al. (2017) and other previous studies largely used ship-based multibeam
echosounder surveys that provide digital elevation models of the seafloor from which
bedforms can be identified and measured. The resolution of such ship-based systems is a
function of water depth; hence, in greater water, the ability to recognise smaller features is
diminished. In Chapter 4, I use an exceptionally detailed seafloor survey with a consistent
resolution (made possible through the use of an AUV to map the seafloor at a constant
resolution independent of water depth) to investigate whether the gap in bedform dimensions
of Symons et al. (2017) is real, or an artifact caused by data resolution in deeper waters
(Hughes Clarke, 1998). I analyse data acquired over a 65 x 50 km area, which ranges from 60
to 2,800 m water depth from two submarine canyons offshore Mozambique, East Africa. I use
a bedform measurement algorithm to objectively quantify bedform morphometry and to
determine if a continuum in bedform scales exists.

Recent high resolution seafloor surveys have started to identify that steep steps in submarine
canyons (known as knickpoints) can dominate the erosion observed in active submarine
canyons (Heijnen et al., 2020; Guiastrennec-Faugas et al., 2020), but were not previously
recognised in the global analysis of Symons et al. (2017). I therefore analyse similar features
in the data from offshore Mozambique and explore where knickpoints sit on the global
spectrum of bedforms. Finally, I discuss the implications of variable resolution bathymetric
data for the identification of bedforms in deep-sea settings and how AUV-based studies
provide the means to fill fundamental gaps in our understanding of how submarine channels
are built and maintained, and to better constrain the nature of particulate transport into the
deep sea.
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Figure 1.3 (A) Graph showing the scale of the three main bedform groups differentiated by Symons et al.
(2016). (B) Sketches highlighting additional characteristics associated with each bedform group including
planform geometry, composition and common location within turbidite-dominated environments. 1:
large-scale scours that comprise enclosed depression; 2: large-scale sediment waves with mixed relief; 3:
small-scale sediment waves with mixed relief (refer to insert A); (C) to (E) Linkages between seafloor
features, sedimentary processes and stratigraphic products established from observations in modern
environments. (C) Morphology of features interpreted to be cyclic steps on the seafloor, often referred to
as sediment waves and scours. (D) Flow—seafloor interactions and migration for cyclic step bedforms in
(C). (E) Stratigraphic products of these processes based on repeat bathymetry data (Hage et al., 2018) and
seismic profiles (Migeon et al., 2001). Parts (A) to (E) from Englert, Vendettuoli et al. (2020) after Symons
et al., 2016.

Question 3 (Chapter 4): How do turbidity currents build stratigraphy and how faithfully does
that stratigraphy preserve a record of past flow activity?

Chapter 4 Motivation: Bedforms are a valuable proxy for inferring flow behaviour (Chapter
3), however, successive turbidity currents can rework these seafloor deposits, thus obscuring



or obliterating their expression in the depositional record. It is therefore important to
understand how stratigraphy is built (and removed) by such repeated flows, whether certain
magnitude events are disproportionately responsible for eroding or building stratigraphy, and
how to interpret deposits in active submarine channel systems. This chapter aims to fill this
knowledge gap in one unusually well-surveyed system, where multiple seafloor surveys (that
image seafloor bedforms created by turbidity currents) are analysed to determine when and
how stratigraphy is built, and erased by successive turbidity currents. No other submarine
system has been so well surveyed (i.e. as many times), hence this study takes advantage of a
unique dataset and provides motivation for such an approach to be performed in other active
systems.

Understanding processes from their depositional record is complicated because successive
events can rework or erase previous deposits. This is particularly challenging for turbidity
currents, which can be extremely vigorous (e.g. Paull et al., 2018; Figure 1.4). Therefore,
environments dominated by turbidity currents, such as submarine canyons and channels, only
partially record their deposits. But precisely how incomplete these deposits are remains
unclear. A number of previous studies have explored the concept of stratigraphic
completeness (e.g. Sadler, 1981; Strauss and Sadler, 1989). Stratigraphic completeness is
defined as the proportion of accumulated deposit thickness preserved over a given time period.
This completeness can be affected by a range of factors that include external allogenic controls
(e.g. sea level changes and tectonic influence) and internal, autogenic controls that are related
to the sediment transport process itself (Barrell, 1917; Paola et al., 2018; Strauss and Sadler,
1989). It is important to understand stratigraphic completeness because deposits continue to
provide a source of information on past turbidity current activity for both modern and ancient
systems that is routinely used in geohazard assessments and to understand past fluxes of
sediment and organic carbon (e.g. Kane et al., 2017; Jobe et al., 2018; Englert et al., 2020).

In subaerial environments, repeat satellite or aerial photogrammetric surveys enable
monitoring of river and delta evolution, assessment of their stratigraphic completeness, and
thus calibration of deposit- or laboratory-based models (Moody and Meade, 2014; Schwenk
et al., 2017). In submarine systems stratigraphic completeness has previously been based on
interpretation of depositional sequences (e.g. Trabucho-Alexandre, 2014), laboratory-scale or
numerical modeling (e.g. Sylvester et al., 2011; Straub and Esposito, 2013) or through
analogue with terrestrial systems such as rivers (e.g. Durkin et al., 2018) and thus lacks field-
scale calibration. Such field-scale calibration is challenging, particularly in deep in marine
systems, as acquisition of seafloor elevation data requires expensive and time-consuming
multibeam bathymetric surveys (Hughes Clarke, 2012).

In Chapter 4, I take advantage of repeat bathymetric surveys that were performed at a
timescale (every week day) appropriate to detect the frequency of >100 turbidity currents over
four months at the very active Squamish submarine delta, British Columbia. Previous studies
have revealed how different scales of event affect the Squamish submarine delta, including
relatively large-scale delta lip collapses (involving volumes of up to 150,000 m*) and smaller-
scale upstream-migration of crescentic bedforms by much smaller turbidity currents (Hughes
Clarke, 2016; Clare et al., 2016; Hizzett et al., 2018). Here, I ask whether all scale of flows



play an equal role, or are some magnitudes of event disproportionately efficient at becoming
preserved or instead removing the stratigraphic record of others? Such detailed repeat surveys
do not exist for any other site worldwide, hence this provides a unique opportunity to
understand the influence of repeated turbidity currents on the stratigraphic record.

Links Between Thesis Objectives and Application: The combination of these three chapters
provides a link between the direct measurement of turbidity currents (Chapter 2), the
morphology of bedforms that arise from different scales and types of turbidity current
(Chapter 3), and the stratigraphy is built by successive turbidity currents (Chapter 4). It is rare
that flow monitoring, seafloor surveys and stratigraphic records (e.g. core, seismic data) are
all available for a system; hence, this thesis presents a novel combination of analyses and
datasets that provide useful and broad process-based sedimentological insights, with
implications for a range of applications, in particular for geohazard assessments. Geohazard
assessments for seafloor infrastructure such as telecommunications cables and pipelines
requires an understanding of the frequency, magnitude (e.g. extent, velocity) and nature of
turbidity currents (Bruschi et al., 2006). This thesis provides new insights into the global
variability in flow velocity and duration, in particular in Chapter 2 identifying the physical
controls on flow behaviour (i.e. grain size and slope gradient), which can now be used to
inform pipeline and cable routes (e.g. avoid steep slopes and systems with coarse grain sizes,
or design pipelines to withstand prolonged, low velocity impacts in muddy low relief
systems). Determining the nature of larger turbidity currents (i.e. larger than those recorded
during relatively short monitoring windows) also requires consideration in such hazard
assessments. The nature of past flows can be inferred from bedform morphmetrics, but as
shown in Chapter 3 this may require high-resolution (e.g. AUV) bathymetric datasets. This
new contribution shows how certain types of bedform (and hence types of flow that formed
them) may be missing from bathymetric datasets that were acquired in deep water from
vessel-mounted systems. An important message to take from this study is the value of such
high resolution datasets to better understand the variability of turbidity current activity. To
assess the likely frequency of turbidity currents, geohazard assessments often analyse
sediment cores, using age dating techniques to determine the emplacement time of event
deposits (e.g. Hunt et al., 2013, Goldfinger et al., 2007). However, if successive flows erode
sediment, this will affect the completeness of these sedimentary records. It is therefore
important to assess whether certain events are better recorded than others, and which settings
are better recorders of past geohazard activity. Chapter 4 provides the first attempt anywhere
to do this in an active turbidity current system, concluding that many parts of the submarine
channel systems on the Squamish delta feature very poorly preserved stratigraphy and are thus
unsuitable for reconstruction of past event frequency and magnitude. However, large landslide
events are better preserved, and guidance for future sampling is provided (e.g. levees and
distal lobe provide the greatest stratigraphic completeness).
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Figure 1.4 Repeat mapping using an AUV shows changes changes in seafloor morphology in Monterey
Canyon (from Paull et al., 2018). A) Bathymetric surveys for the upper canyon collected with an AUV
between 42 and 540 m water depths on 4 November 2015 and B) on 28 January 2016, before and after
a powerful (c. 7 m/s) turbidity current. C) Changes in seafloor elevation between surveys aand b. X, Y,
and Z are enlarged sections of A, B, and C, respectively. CSB refers to crescentic bedforms
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1.5 Turbidity currents on the modern seafloor

The following section provides further context for these three questions, primarily focusing
on the different tools and techniques used in this study.

1.5.1 Multibeam bathymetric surveys to identify and characterise turbidity current
pathways and bedforms

Seafloor and lake-bed surveys that started as a series of simple point soundings, provided
some of the first observations of subaqueous canyons and channels (e.g. Forel, 1888; Heezen
et al., 1964; Girardclos et al., 2012). In subsequent decades, advances in seafloor surveying
included the development of single-beam and subsequently multi-beam bathymetric systems;
the latter of which can create detailed 3D models of the seafloor (Hughes Clarke, 2018). Such
surveys are now routinely used to identify the primary pathways of turbidity currents,
including submarine canyons, channels and lobes, and where resolution permits, to image
their building blocks in the form of terraces, levees and bedforms (Paull et al., 2011; Conway
et al., 2012; Covault et al., 2014). These seafloor features provide valuable information about
past flows and have been used to make inferences on the likely thickness, velocity, and nature
of turbidity currents creating them (e.g. Nakajima, 2002; Spinewine et al., 2009; Stow et al.,
2009; Sequeiros, 2012; Cartigny et al., 2012; Kostic, 2014; Postma and Cartigny, 2014;
Stevenson et al., 2018). Other seafloor surveys include the use of side scan sonar, which
provides a measure of the reflectivity of the seafloor, and hence its sediment composition (e.g.
Damuth et al., 1988; Clark et al., 1992).

As already mentioned, the spatial resolution of multibeam bathymetric sonars is a function of
their height above the seafloor. Therefore, where such systems are deployed from surface
vessels, their resolution decreases in increasing water depth. Horizontal and vertical resolution
of multibeam sonar systems is ~ 3.5-20% of water depth and ~ 0.2-0.8% of water depth
respectively (Hughes Clarke, 1998; Symons et al., 2016). To tackle this issue, Autonomous
Underwater Vehicles are growing in use, as they can dive a set distance above the seafloor to
ensure a consistent and much higher resolution of data. These surveys have started to provide
a much clearer picture of the geomorphology that exists within submarine canyon and channel
systems, such as the presence of dune-scale bedforms, canyon flank collapses, and major
scours at their distal reaches, where they transition to a submarine lobe (e.g. Huvenne et al.,
2011; Paull et al., 2013; Covault et al., 2014; Tubau et al., 2015; Carvajal et al., 2017; Maier
et al., 2017). Such surveys tend to be limited in spatial extent, however, which means that
these high-resolution observations are limited to small sections of canyons and channels
(Figure 1.5 and Figure 1.6). Chapters 3 and 4 provide high-resolution multibeam bathymetric
surveys that cover extensive reaches of submarine canyon and channel systems. In particular,
Chapter 3 analyses an AUV survey covering an area of a 50 x 65 km from offshore
Mozambique with a horizontal resolution of at least 5 m x 5 m. This detailed survey enables

12



characterisation of two major canyons along at least 60 km of their length, as well as a variety
of bedforms and scours that have been created by turbidity currents that passed through these
canyons.

water depth (m)

1855

17°45'W 117“;13‘W
1

Figure 1.5 AUV bathymetric survey showing detail on the Nazy Fan, offshore Mexico (from Carvajal et
al., 2017)

1.5.2 Repeated surveys to determine how turbidity currents interact with the seafloor

In recent years, successive seafloor surveys performed at the same location have started to
show how turbidity currents interact with the seafloor, revealing areas of erosion and
deposition and providing a better link to sedimentological processes. Such repeated surveys
are still relatively rare, but are growing in their application as detailed in Table 1.1, which
provides a summary of previous bathymetric mapping in areas of active submarine landslides
and turbidity currents. These surveys are generally limited to fewer than six in total, and span
periods of months to years (or even decades), and as a result they tend to provide a time-
averaged view of how flows interact with the seafloor.

In some cases, however, the effects of individual turbidity currents can be identified from
these repeat surveys. Isolating the effect of individual events either occurs in instances where
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turbidity currents are relatively infrequent or where the rapidity of surveys was sufficient. This
either comes down to planning (e.g. in cases where the triggering mechanisms are well known,
such as the Squamish delta where a combination of elevated Spring and Summer river
discharge and low tides are known to trigger flows; Hage et al., 2019), luck or a combination
of both. One such example comes from the Kaikoura Canyon, offshore New Zealand, where
a repeat seafloor survey was performed a few days after a large magnitude earthquake that
triggered a powerful turbidity current (Mountjoy et al., 2018; Figure 1.6). Another, where
triggers were not known a priori is the Monterey Canyon, where an AUV survey was
performed before and then shortly after a turbidity current that was measured using an array
of moored seafloor instruments (Paull et al., 2018; Figure 1.4).

Seafloor change (m)

Figure 1.6 Differential elevation map of the Kaikoura Canyon, New Zealand after the magnitude 7.8 2016
earthquake, revealing significant erosion in the head of the canyon (from Mountjoy et al., 2018).

Of specific relevance to this thesis are repeated high-resolution hydrographic surveys at the
Squamish Delta, British Columbia, which record the change in seafloor following successive
flows (Hughes Clarke et al., 2012; Clare et al., 2016). These surveys were performed during
the Spring and Summer in 2011 for 93 consecutive weekdays (Hughes Clarke et al., 2012;
Clare et al., 2016). These surveys not only allow for the identification of how the seafloor is
changing, but also for the determination how stratigraphy is built across the entirety of three
active submarine channels (Figure 1.7). This data forms the basis of the analysis in Chapter
4.

14



|1| Crescentic bedform stratigraphy: each line represents 1 day

see Fig. 1 for profile location

Day 1+ 4 months

" {scourfill ) -

e See Table DR3 for other examples of
ancient crescentic bedforms

e g. for scale: photo from
Crefaceous Nanaimo Group
outfcrop (see Fig. DR4)

Core Positions

f————— Pistoncores —————]
4 5 6 7

3 ..
B

{see Fig. 1D}

Box cores
9 Sand
Mud
i\k o granules
@éﬁ b namal grading
q’f\f 7 onganics

Figure 1.7 A) The stratigraphy built over 93 consecutive week days in a proximal part of a channel in the
Squamish prodelta, British Columbia. B) Sediment cores used to link the repeated seafloor surveys to
sedimentological facies. This figure was based on analysis performed in Chapter 4 (as published in Hage,

Vendettuoli et al., 2018).

Table 1.1 Summary of previous repeat bathymetric mapping in areas of active submarine landslides and

turbidity currents

Repeated bathymetric | Location and | Frequency  of | Processed Reference
surveys water depth [m] | flows/landslide | observed
[if known]

5 x annual surveys (2008- | Oguue’ River | 10s/year Submarine Biscara et al. (2012)
2004) submarine delta, landslide
1 x annual survey (2009) | Gabon

[55 m]
2 x annual survey (in | Begawan  Solo | - Turbidity Syahnur and Java
2009 and 2004) submarine delta, currents (2016)

East Java

[30 m]
Survey  every  6-24 | Squamish 10s + 100s/year | Delta-lip Hughes Clarke et al.
months (from 2004 to | submarine delta, collapses, (2012,2014), Clare et
2009); survey every week | British turbidity al. (2016), Hughes
day (during Spring and | Columbia, currents and | Clarke (2010),
Summer 2011 and 2012); | Canada bedform Hizzett et al. (2018),
single survey for 6 days | [<200m] migration Hage et al. (2018),
(June 2013); 1 x annual | *Central Channel this work;
survey (2015) at Squamish
*5 x surveys a day for 6 | Delta
days (2015) [60 m]
Repeat surveys every 15 | Westerschelde 10s + 100s/year | Dredging- Mastbergen et al.
minutes for 10 days Estuary, the induced  slope | (2016)

Netherlands failure, bedform

[20 m] migration
6 x annual surveys (1967, | Offshore  Nice, | 10s = 100s/year | Submarine Kelner et al. (2016)
1974, 1991, 1999, 2006 | France landslide
and 2011) [300 m]
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2 x annual surveys | Monterey 10s + 100s/year | Submarine Smith et al. (2007);
(September 2002 and | Canyon, landslide, Xu et al. (2008);
February 2005); 2 x | California, USA bedforms Paull et al. (2010)
surveys (March 25, 2003 | [300 m] migration
and March 26, 2006); 1 x
annual survey (September
2003); 2 x surveys
(September 2004 and
November 2004);
1 x annual surveys | Lake Geneva, | ~10s + | Turbidity Silva et al. (2018);
(1891); 1 x annual survey | Western Europe 100s/flows currents, mass | Corella et al. (2016)
(between December 2012 | [<300 m] transport events
and November 2013); 4 x
surveys (1986, 2000,
2008,2012)
1 x annual survey (2007); | Lower St. Turbidity Normandeau et al.
1 x annual survey (2012) | Lawrence currents, (2014)
Estuary, Eastern bedform
Canada [350 m] migration
2 x annual surveys (2005 | Knight, Bute and | 10s/year Slope  failure, | Conway et al. (2012);
and 2008); 1 x annual | Toba Inlets, turbidity
survey (2010) British currents
Columbia,
Canada
[up to 400 m]
2 x annual surveys | Fiumara Mouths, | ~100s/year Hyperpycnal Casalbore et al.
(between 2005 and 2007) | Western Messina flows, (2011)
Strait, Italy landslides
[up to 2000 m]
2 x surveys (2016) Kaikoura ~100s/year Canyon flushing | Mountjoy et al
Canyon, New (2018)
Zealand
[2000 m]
1 x annual survey (1994, | Fraser River | ~ 10s/year Turbidity Hill et al. (2008);
2001, 2003, 2005); 2 x | Delta, Western currents, slope | Lintern et al. (2018)
surveys (May 2006 and | Canada failure

September 2006)

[up to 110 m]

1.5.3 Advances in direct monitoring of turbidity currents in the ocean

Advances in technology, particularly over the past decade, have enabled the first high-
resolution direct measurements of turbidity currents to be made, which is transforming our
understanding of how these flows behave, interact with the seafloor and the nature of their
resultant deposits (Hughes Clarke et al., 2011, 2014; Cooper et al., 2013; Talling, 2014; Clare
et al., 2016; Hughes Clarke, 2016). These new data provide valuable calibration for numerical
modelling (e.g. Talling et al., 2015), and improved quantification of aspects such as the
triggers and frequency of flows (e.g. Bailey et al., 2021), and ascertain their effectiveness at
transporting and burying organic carbon (e.g. Hage et al., 2020). However, turbidity currents
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have only been monitored in a handful of places worldwide, and direct monitoring datasets
that include several flows are valuable. So far, the direct monitoring of turbidity currents has
primarily been focused in setting such as lakes, fjords and relatively shallow ocean water
(Table 1.1), although studies in deeper water have started to be performed (e.g. Azpiroz-
Zabala et al., 2017) (Figure 1.8).

A range of new tools is now available for measuring turbidity currents. For instance, water
column imaging using multi-beam sonars has shown how turbidity currents interact with
bedforms and erode the seafloor (Hughes Clarke, 2016). Acoustic Doppler Current Profilers
(ADCP) provide depth and time-resolved measurements of current velocity and acoustic
backscatter that provides insights into suspended sediment concentrations and the temporal
and vertical variations in flow structure (Hughes Clarke et al., 2014; Simmons et al., 2020).
In Chapter 2, I focus specifically on the analysis of ADCP data acquired from seven systems
worldwide. I choose sites where detailed measurements of flow velocity have been made to
compare the temporal evolution in maximum flow velocity across sites that include coastal
fjords to the deep sea Congo Canyon, and that are supplied by sediment in different manners.
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Figure 1.8 Overview of some of the new data types generated by recent monitoring of turbidity currents
and the seafloor change they create (from Clare et al., 2020). a) Some of the issues involved in measuring
powerful turbidity currents that have impacted previous studies. (b) An example of one of the long-
duration turbidity currents measured in the deep-water Congo Canyon that may attain thicknesses of 80
m (modified from Azpiroz-Zabala et al. 2017a). (¢) Two turbidity current events measured at the
shallowest water mooring in the Monterey coordinated canyon experiment in Monterey Canyon. On the
left is a flow that pulled the instruments and buoyancy towards the seafloor at the start of the event due
to enhanced drag early on. On the right is the record from an ADCP that was transported by a flow at
several m/s; hence, no reliable data were recorded during the flow. This mooring was transported 7.1 km
down-canyon and then broke free from its anchor and was released to the sea surface. (d) Repeat
multibeam echo-sounder seafloor surveys illustrating how active turbidity currents can both erode and
deposit at the seafloor. The location of the Delta Dynamics Laboratory (DDL) is labelled on the Fraser

Delta (right).
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Table 1.2 Overview of previous direct monitoring studies of turbidity currents in submarine canyons and

channels with reference to different types of sediment supply (modified by Bailey et al. ,2021)

Sediment Site Flows |Period | Triggers Reference
supply
Knight Inlet, 17
Canada 39 months P :
?ev}?non in freshet river Bornhold et al., 1994
Bute Inlet, 35 13 1scharge.
River-fed | Canada months
fjords . .
System active during river
Squamish 106 147 discharge >300 m3/s. | Clare et al., 2016; Hizzett
Prodelta, Canada days Tidal drawdown or rapid | et al., 2018
sedimentation trigger.
Congo Canyon, 6 4 Elevated river discharge | Azpiroz-Zabala et al.,
offshore Angola months | but not flood peaks. 2017
35 Flow initiates following
23 ) typhoon elevation of river | Zhang et al., 2018
years .
discharge.
Gaoping Canyon, L
offshore Taiwan |2 2 Typhoon-triggered Liuetal., 2012
months | hyperpycnal flows.
River-fed
canyons River flooding. tropical Hsu et al., 2008; Carter et
Cable Breaks & P al., 2012; Pope et al,
cyclones and earthquakes. 2017
Gulf of Lions 4 Dense shelf water
canyon system, | 6 months cascading, storms, river | Canals et al., 2006
Mediterranean flooding and trawling.
Hyperpycnal flows during
Var . Canyon, 8 2 years |river flooding and some | Khripounoff et al., 2009
Mediterranean
local storms.
Eel River Shelf
and Canyon, Storms, not directly linked .
offshore 1 83 days to river floods. Puig et al., 2004
California
Hueneme & Storms. The same storm
Mugu Canyons, 6 event is capable of
offshore 6 months | triggering flows in both Xuetal., 2010
Littoral California canyons simultaneously.
drift-fed 1
canyons 4 Xu et al., 2004
Monterey months | cincident with elevation
Canyon, offshore . M
California 16 & 26 |10 storm activity.
10 Paull et al., 2003, 2010
months
Storm waves with
Nazare Canyon, 22 potential contribution ,
offshore Portugal 3 months | from flooding north of the Martin etal., 2011
canyon head.
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Chapter 2

Identification of controls on turbidity current
structure based on direct monitoring

This chapter forms a paper currently in review in Geophysical Research Letters:

D. Vendettuoli, M. A. Clare, E.J. Sumner, M.J.B. Cartigny, P.J. Talling, J. Wood,
L.P. Bailey, M. Azpiroz-Zabala, C.K. Paull, R. Gwiazda, J.P. Xu, C. Stacey, D.G.
Lintern, S.M. Simmons, E.L Pope and S. Hage (In review, Geophysical Research
Letters). Global monitoring data shows grain size controls turbidity current structure.

Author contributions: I led on the analysis and processing of the data, designed the
study, and wrote the manuscript. M.J.B. and L.P.B. assisted with processing the ADCP
data. M.A.C., E.J.S. and M.J.B.C. provided the main editorial support on the manuscript.
Other authors provided access to ADCP data and all the authors commented on the
final version of this manuscript.

Abstract

The first detailed measurements from active turbidity currents have been made in the last
few years, at multiple sites worldwide. These data allow us to investigate the factors that
control the structure of these flows. By analyzing the temporal evolution of the maximum
velocity of turbidity currents at different sites, we (1) aim to understand whether there are
distinct types of flow, or if a continuum exists between end members; and (2) to
investigate the physical controls on the different types of observed flow. Our results show
that the evolution of the maximum velocity of turbidity currents falls between two end-
members. Either the events show a rapid peak in velocity followed by an exponential
decay or, flows continue at a plateau-like, near constant velocity. Our analysis suggests
that rather than triggers or system input type, flow structure is primarily governed by the
grain size of the sediment that is available for incorporation into the flow.

2.1 Introduction

Until recently, few direct measurements existed for powerful sediment avalanches on the
seafloor, known as turbidity currents. It is important to understand these flows, as they play a
key role in sediment and nutrient transfer to the deep sea, thereby affecting global geochemical
cycling (Schlunz et al., 2000; Talling, 2014; Rabouille et al., 2017). Turbidity currents are
challenging to measure because they occur on the seafloor, can be destructive (Inman et al.,
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1976; Talling et al., 2013; Xu et al., 2010; Paull et al., 2018) and pose a hazard to critical
seafloor infrastructure (Carter et al., 2014). Furthermore, their recurrence is poorly
constrained due to limited understanding of their preconditioning and triggering mechanisms;
hence predicting turbidity currents remains an open challenge (Talling et al., 2013; Bailey,
2021). Despite these issues the last decade has seen a growth in the seafloor monitoring of
turbidity currents (Clare et al., 2020 and references therein); providing the first detailed
insights into the structure of these flows. These monitoring studies have led to several new
models for turbidity current dynamics (e.g. Azpiroz-Zabala et al., 2017; Symons et al., 2017;
Heerema et al., 2020), that test aspects of previous influential models (e.g. Bagnold, 1962;
Middleton, 1966; Parker et al., 1986; Cantero et al., 2012)

2.1.1 Can we determine the factors that control flow behaviour?

Many classification systems exist for turbidity currents, based upon either their deposits or
scaled-down laboratory experiments (e.g. Lowe, 1979b; Postma, 1986; Mulder and Cochonat,
1996; Haughton et al., 2009; Talling et al., 2012). The nature of triggers and flow initiation
has been suggested as a strong control on the structure of turbidity currents. For instance,
Mulder et al. (2003) proposed that flows in muddy river-fed systems differ from those in more
dilute river-fed settings or littoral drift-fed canyons. In such classifications, initiation through
a rapid slope collapse may form a short-lived, unsteady surge, while sustained sediment input
(such as during sediment-laden river flood discharge to the ocean) may result in a prolonged,
more steady flow (e.g. Middleton and Hampton, 1976; Kneller and Branney, 1995;
Khripounoff et al., 2012). Others suggest that flow behavior relates to physiographic controls
such as canyon or channel morphology (Xu et al., 2010), shelf gradient (Talling et al., 2007),
or the particle size and density present in the system (e.g. Stow and Bowen, 1980; Lowe,
1982; Mutti et al., 2003; Hodson et al., 2010).

2.1.2 Can we build up a general understanding on how turbidity currents behave?

There are fundamental gaps in understanding of how the structure of turbidity currents varies,
and the physical controls on that variability. In the past, a lack of detailed monitoring data has
limited the ability to test models using data from full-scale turbidity currents. Previous flow
monitoring studies have typically focused on data-sets from individual canyons, and have
focused on the characteristics of site-specific flows (e.g. Talling et al., 2013, Clare et al., 2020
and references therein). However, there is now flow monitoring data from different sites
worldwide, which allows consideration of general questions about the dynamics of turbidity
currents. For example, why do some flows maintain a fixed velocity for several days, while
other flows rapidly accelerate but then dissipate within minutes to hours? What internal or
external factors determine flow behavior?
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2.1.3 Aims

For the first time, in this study we take advantage of detailed turbidity current monitoring data
from recent surveys worldwide to understand the physical controls on turbidity current
structure. Specifically, the first aim is to document the variability in turbidity current structure,
especially duration and temporal evolution of velocity. We analyse whether there are distinct
types of flow, or if a continuum exists between end members. Second, we investigate the
physical controls on the different types of observed flow structures, including system type,
triggers, flow initiation and grain size. We compare turbidity currents in systems linked to
muddy and sandy rivers, and systems fed by longshore drift. The range of systems varies from
small fjord-head channels to large deep-sea submarine canyons.

2.2 Data

To assess the diversity in the structure of turbidity currents, we analyse the first available high-
resolution depth-resolved velocity measurements of turbidity currents relative to seven sites
worldwide. These sites span a wide range of environments, including bedload dominated
fjord-head delta systems, river-fed deep-sea canyons, and littoral-fed deep-sea canyons. In all
but one of the datasets, flow velocities were recorded using downward-looking Acoustic
Doppler Current Profilers (ADCPs), at sites from 60 m to 2,300 m water depth. In one dataset
(from offshore West Papua), a single-point current meter was used (Table 2.1 and Table 2.2).
We now briefly introduce the different systems to provide context for later discussion (Figure
2.1).
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Figure 2.1 Sites where turbidity currents have been monitored in action and analysed in our study. Bute
Inlet and Squamish Delta (British Columbia) are representative of fjord-head systems. Hueneme and
Monterey canyons (California), represent littoral drift-fed submarine systems. Var canyon (north west
Mediterranean Sea), Congo canyon (offshore Angola) and Cenderawasih Bay (West Papua) are
representative of deep-sea submarine systems directly linked to the rivers activity (see also Table 2.1and
Table 2.2)
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Table 2.1 Physical parameters of the physiographic submarine systems analyzed in this study

Systems Extend of ADCP Sediments Sediment Monitoring data
the system deployed at supply discharge utilized in our
into the study
systems
Congo 350 km with 2000m water River flood/ canyon 43 x 10°kg yr™! Cooper et al.,
Canyon 3,000 m depth wall slumping (Bongo-Passi, 20013 & 2016
water depth  @85m above 1984)
seabed
Var 16 km 1280m water River flood/ 1.63x 10%¢tyr! Khripounoff et
Canyon within depth hyperpycnal  flow/ al., 2012
~2,000 m @35 above canyon wall
water depth  seabed slumping
Hueneme 10 km 184 Littoral drift-fed 3-6x 10°t yr! Xu et al., 2010
Canyon within 500 submarine systems/
m water hyperpycnal flow
depth
Squamish 2 km within 60m  water Bed-load dominated 600-700 m%/s Hughes Clarke
Delta 150 m water depth fjord-head delta (Hickin, 1989) 2016
depth @ systems
Bute Inlet 40 km 400m water Bed-load dominated 1.7 x 10°to yr'  Hage et al., 2020
within 600 depth fjord-head delta *amount of
m water @27m above systems sediments
depth seabed delivered to the
canyon head
(Syvitski et al,
1988)
Monterey 153 km From300mto Littoral drift-fed 300,000 m? yr’! Paull et al.,
Canyon within 3,600 1800m water submarine systems (Smith et al, 2018.
m water depth 2005)
depth @30m above
seabed?
Cendera- 60 km <2000 River flood/ Not known Wood, 2013
wasih Bay  within 1,600 hyperpycnal flow
m water
depth
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Table 2.2 Technical specification of the survey considered in this study for each mooring at each location

Systems Date Flows ADCP Sampling Vertical ~ Background Moorings
rate Binsize  velocity coordinate
(longitude
latitude)
Squamish Delta
15-Jun-16 Flow 1 600KHz  Every 0.5m 0.35 (m/s)
3.6 second
Bute Inlet
10-Jun-16 Flow 1 614KHz  10-seconds Im 0.22 (m/s) -124.914;
Mooring 3 11-Jul-16 Flow 2 samples 0.17 (m/s) 50.76245
11-Jul-16 Flow 3 0.21 (m/s) -124.918;
50.76194
-124911;
50.76307
Monterey Canyon
Mooring 1 1-Dec-15 Flow 1 300KHz  30-seconds 2 m 0.27 (m/s) -121.845;
7-Jan-16 Flow 3 samples 0.43 (m/s) 36.79328
1-Sep-16 Flow 8 0.39 (m/s)
24-Nov-16 Flow 9 0.38 (m/s)
9-Jan-17 Flow 10 0.49 (m/s)
20-Jan-17 Flow 11 0.39 (m/s)
21-Jan-17 Flow 12 0.57 (m/s)
23-Jan-17 Flow 14 0.36 (m/s)
3-Feb-17 Flow 15 0.65 (m/s)
18-Feb-17 Flow 16 0.54 (m/s)
Mooring 2 24-Nov-16 Flow 9 0.46 (m/s) -121.903;
9-Jan-17 Flow 10 0.44 (m/s) 36.78827
3-Feb-17 Flow 15 0.55 (m/s)
18-Feb-17 Flow 16 0.53 (m/s)
Mooring 3 16-Jan-16 Flow 4 0.48 (m/s) -121.97,
(This study) 1-Sep-16 Flow 8 0.48 (m/s) 36.76497
9-Jan-17 Flow 10 0.44 (m/s)
3-Feb-17 Flow 15 0.53 (m/s)
18-Feb-17 Flow 16 0.44 (m/s)
Mooring 4 16-Jan-16 Flow 4 0.41 (m/s) -122.016;
36.7358
Mooring 5 16-Jan-16 Flow 4 0.45 (m/s) -122.013;
1-Sep-16 Flow 8 0.51 (m/s) 36.71496
Mooring 7 16-Jan-16 Flow 4 0.38 (m/s) -122.098;
36.70162
Congo Canyon
4-Dec-09 Flow 1 300KHz  5-seconds 2 m 0.34 (m/s) -5.8666; 11.209
23-Dec-09 Flow 2 samples 0.34 (m/s)
26-Dec-09 Flow 3 0.32 (m/s)
9-Jan-10 Flow 4 0.33 (m/s)
16-Jan-10 Flow 5 0.33 (m/s)
26-Jan-10 Flow 6 0.34 (m/s)
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8-Feb-10 Flow 7 0.31 (m/s)
10-Feb-10 Flow 8 0.32 (m/s)
26-Feb-10 Flow 9 0.34 (m/s)
10-Mar-10 Flow 10 0.35 (m/s)
Hueneme Canyon
5-Dec-07 Flow 1 300KHz 30 one- 2 m 0.0005 (m/s) -119. 226;
second 34.131
pings every 5
minutes
Var Canyon
Var 5-Feb-09 Flow 1 300KHz 1 current 3 m 0.07 (m/s) 7.24; 43.57
Canyon 8-Feb-09 Flow 2 vertical 0.09 (m/s)
profile every
30 minutes
bins at 10
elevation
Cenderawasih Bay
Cenderawasih 10-Sep-12 Flow 1 300KHz 600  pings 0.009 (m/s) 135.36; 2.68
Bay spaced every

2 seconds in
20 minutes
intervals
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Table 2.3: Lithological characterization of the core logs represented in Figure 2 - Panel C in the main text

Grainsize Study area

Description

Reference

Sand-rich end members Squamish Prodelta

Hueneme Canyon

Monterey Canyon

Var Canyon

Structureless sand, poorly graded,
with layers of amalgamated sand
toward the top.

Fine and very fine sand, to silt and
locally lens of clay.

Poorly sorted intervals containing
coarse gravel or multi-coloured
clay clasts near their base, overlain
by fining-upward sand with sand-
supported rounded cobbles and
angular clay chips floating within
the sand.

Coarse silt to very fine sand with
interbedded thin layers of fine
sand.

Hage et al., 2018

Xuetal., 2010

Paull et al., 2010

Klauche et al., 2000

Sand and mud- rich Bute Inlet
members

Cenderawasih Bay

Sand beds, including associated
mud top, from 10 cm to 1 m
thickness. Mud, including
associated mud top and organic
debris, interbedded to layers of
sand from 10 to 50 cm thickness.

Mud and woody organic debris
locally interbedded by very thin
layers of sand.

Hage et al., 2019;

2020

Orange et al., 2010

Mud-rich end members Congo Canyon

Mud locally interbedded by very
thin layers of sand. Often present
laminations  typically  plane-
parallel, in some cases, sub-
parallel.

Azpiroz-Zabala
al., 2017

et

In the following sections (2.2.1 to 2.2.3) we briefly describe the different sites presented in
our study grouping them per similar physiographic characteristics.

2.2.1 Bedload dominated fjord-head delta systems

Howe Sound and Bute Inlet in British Columbia (Figure 2.1) are relatively deep and steep-
sided fjords, which host active submarine channels that are fed by one or more rivers at their
heads (Gales et al., 2019). Squamish Prodelta is located at the mouth of the Squamish River

in Howe Sound, where it connects to three submarine channels that reach water depths of

¢.200 m (Hughes Clarke, 2016). Here, we analyse ADCP measurements, collected in 2015
(Hage et al., 2018), that recorded 300 m downstream of the delta-lip, at a water depth of 60

28



m. In Bute Inlet, the Homathko and Southgate Rivers connect to a submarine channel that
extends, ~40 km to ~600 m water depth (Prior et al., 1986). Turbidity currents were measured
in 2016 using an ADCP located ~20 km downstream of the delta lip in 480 m water depth.
Sediment cores in the axes of both channels generally recovered massive sands, although
mud-caps are common in cores in Bute Inlet (Zeng et al., 1991; Vendettuoli et al., 2019; Hage
et al., 2019; 2020) (Figure 2.5 Panel D).

2.2.2 River-fed deep-sea submarine canyons

The Congo Canyon, located offshore Angola (Figure 2.1), is directly connected to the Congo
River and its head is located within the seaward end of the estuary (Savoye et al., 2009). Flows
were recorded between 2009 and 2010 by an ADCP deployed at 2,000 m water depth (Cooper
et al., 2013; Azpiroz-Zabala et al., 2017). Deposits on the canyon floor consist of laminated
sediments mainly composed of clay and silt, organic matter, with a minor component of sand
(Dennielou et al., 2017; Azpiroz-Zabala et al., 2017) (Figure 2.5 Panel D). The Var submarine
canyon (Figure 2.1) is located in the northwest Mediterranean Sea, at the outflow of the Var
River (Khripounoff et al., 2009). Turbidity currents were recorded from 2005-2008 by an
ADCEP located at 1,200 m water depth (Khripounoff et al., 2009). Sediment traps from the
same location recovered fine to very-fine sand (Khripounoff et al., 2012) (Figure 2.5 Panel
D). A sinuous submarine canyon extends from the Wanggar River delta in Cenderawasih Bay,
West Papua (Figure 2.1), to ~1,600 m water depth. Near-bed velocity data were collected in
2012 using an Aanderaa RCM-9 single-point current meter positioned 10.3 m above the
seabed at a location 10 km outside of the channel lobe axis in 1520 m water depth (Wood,
2013). Sediment cores recovered a range of grain sizes including sand (within the main
channel axis) but were dominated by mud and woody organic debris (Orange et al., 2010)
(Figure 2.5 Panel D), particularly in the lobe fringes where the current meter was located.

2.2.3 Oceanographically-fed submarine canyons

Monterey Canyon offshore California is fed by long-shore drift (Figure 2.1), with negligible
river input (Paull et al., 2005). While the canyon extends to 3,600 m water depth, we focus on
turbidity currents recorded in the upper 50 km length of Monterey Canyon measured by an
array of ADCPs deployed from 2016-2018 in water depths between 200 m and 1850 m (Paull
et al., 2018; Heerema et al, 2020). Sediment cores from the floor of Monterey Canyon
dominantly sample coarse grained sand and gravels (Paull et al., 2005; Maier et al., 2019)
(Figure 2.5 Panel D). Hueneme Canyon, offshore Southern California (Figure 2.1), is also an
efficient trap for sands transported by littoral drift, although, the Santa Clara River is also an
important source of sediment input (Xu et al., 2010). Turbidity currents were recorded by an
ADCP located at 188 m water depth, where sediment traps mainly captured fine sand (Xu et
al., 2010) (Figure 2.5 Panel D).
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2.3 Methodology

We characterise the structure of each turbidity current using for each measurement the
temporal evolution of the maximum velocity and the total flow duration We primarily use
ADCEP data in our analysis because the depth-resolved velocity measurements allow us to plot
the maximum velocity despite the height of the velocity maximum changing through time.
Raw ADCP data at Squamish Prodelta, Bute Inlet, Congo Canyon and Monterey Canyon
permit such detailed velocity analysis (Figure 2.2).

We then compare our results with measurements from published data that do not permit us to
be as precise, because flow velocity was only reported at fixed heights within the water
column (i.e. ADCP measurements in Var and Hueneme Canyons and fixed current meter in
Cenderawasih Bay; Table 2.2), but still provide a valid comparison with different system

types.

2.3.1 Ensuring consistent identification of the start and end of turbidity currents

For each of the individual flow time series, we identified the starting point of turbidity
currents. The start of a flow is straightforward to recognise, as it is the point in time that
features a rapid increase in the downstream velocity. Defining the end of a turbidity current is
more difficult. To be consistent among the datasets, we apply a cut off at the point where
downstream flow velocity is less than the average background velocity, plus or minus one
standard deviation. We define background velocity as the ambient range of velocities that
precedes the start of each event (Figure 2.3).
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Figure 2.2: Example of velocity profiles measured using ADCP and extracted at different heights of the
water column. Here we see Flow 01 from the Congo Canyon dataset (see
Figure 2.4— Panel 6 in the main text and Table 2.1and Table 2.2)
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2.3.2 Standardising the sampling frequency of velocity measurements

The temporal resolution of the data varies among the different sites depending on the
configuration of the monitoring instruments (i.e. from every 1 second at Squamish Prodelta
to every 30 minutes in Var Canyon; Table 2.2). In order to standardise the datasets, we sub-
sampled the velocity of all of the events detected at each location relative to flow duration
such that all datasets have 50 measurements regularly-spaced over the total duration of each
flow (Figure 2.3).

This methodology means that the velocity-time plots of flows that were initially sampled with
a higher resolution will be artificially smoothed to some degree. Our intention here, however,
is to examine broad trends in velocity evolution over time. Therefore, it is important to ensure
we provide a consistent comparison among all of the individual flows and across the different
settings ( Figure 2.4).

2.3.3 Normalised time-velocity plots

In order to compare trends in the temporal evolution of flow velocity, we plot normalised
time-velocity graphs. In these plots, the velocity of each individual event is normalised
relative to its peak velocity, with time normalised to total flow duration (Figure 2.5— Panel
A). We also correlate the normalised velocity-time plots of turbidity current with the slope
gradient relative to each physiographic system (Figure 2.5 Panel B).

2.3.4 Calculation of bed shear stress

To investigate the role of grain size on the structure of the turbidity currents, we estimate the
bed shear stress using this formula:

U*=Umax K [In (hmax/(0.1 D90))]-1

Where, Umax is the maximum flow velocity (m/s), K is the Van Karman constant of 0.4,
hmax is the height of the maximum velocity (m), and D90 is the ninetieth percentile of the
grain size distribution in microns (Figure 2.6- Panel B).
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Figure 2.3: Schematic illustration of the methodology developed and applied to identify the turbidity
currents analysed in this study. Events, ultimately, are plotted as graphs of time versus maximum velocity.
Refer to the main text for the specification of our methods
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2.4 Results

Here we describe the main results of our analysis.

2.4.1 Two end-members in turbidity current structure

Our results show that the velocity evolution of all of the turbidity currents analysed in our
study fall between two end-members (Figure 2.5- Panel C).

The first end-member is characterised by flows that feature a rapid, near instantaneous, peak
in velocity followed by an exponential decay. These events last from 42 minutes to 20 hours,
and their peak velocity varies from 0.25 m/s to >6 m/s. The second end-member is represented
by turbidity currents that initially show a similar trend (i.e. an increase in velocity followed
by an exponential decrease that lasts up to 30% of the total flow duration). However, instead
of continuing the exponential decay, these flows display a flat area of near-constant velocity
(Figure 2.5 Panel C). Durations for this second type of flow are markedly longer, lasting for
~8 days (from 6 minimum to 10 days as maximum), with constant flat velocities lasting for
~110 hours (from a minimum of 70 hours to a maximum of 150 hours). The peak velocities it
is ~2.25 m/s (minimum of 1.5 m/s to a maximum of 3 m/s), reducing to ~0.75 m/s (from a
minimum of 0.5 m/s to a maximum of 1 m/s) in the flatten part of the flow. The near-constant
velocity of such areas are characterised by bed shear stresses in the range of ~0.012 m/s (from
a minimum of 0.008 to a maximum of 0.016 m/s) (Figure 2.5 Panel C).

2.4.2 Spectrum of flow behavior between the two end-member types

Normalised time-velocity plots (Figure 2.5 Panel A) suggest that there is a continuous
spectrum of behavior between these two end members. Short-lived (minutes to hours)
turbidity currents, which occur in sandy systems (e.g. Squamish Prodelta, Monterey Canyon),
have behavior that is closest to the first end-member (i.e. rapid increase, followed by a swift
exponential decay in velocity). Longer duration (days to weeks) turbidity currents in mud-rich
systems (e.g. Congo Canyon) show a constant, more stable velocity in their latter stages that
characterizes the second end member. Flows that show intermediate behavior between these
two end-members come from sites with mixed grain sizes (e.g. Cenderawasih Bay, Bute Inlet).
Such events feature a rapid increase of the maximum velocity followed by an sudden decay
that lasts for about 30% of the entire flow duration. Once the velocity reaches 2/3 of its
maximum, the decay then precedes until its minimum and flattens to zero. The duration of
such flows varies from 27 minutes to up to 2 days and the maximum velocity ranges from
0.18 m/s to 1 m/s (Figure 2.6).
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Figure 2.4: Maximum velocity versus time plotted for the different turbidity currents events detected at
the different sites worldwide with the indication of the grainsize transported down-slope. The ADCP is
moored to an anchor positioned to a fixed location; the measurements, therefore, are relative to the
velocity of turbidity currents being detected at a single point along the continental shelf and/or channel
thalweg. The ADCP measures water currents with sound by transmitting "pings" of sound at a constant
frequency into the water within discrete time intervals. As the sound waves travel, they deflect off particles
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suspended in the moving water, and reflect back to the instrument. The local decreases and increases of
the velocities showed in our graph is due to local conditions within the water column that is sampled by
the ADCP while a turbidity current is travelling down-slope. Each of the single lines shown in the graphs
are relative to the general trend of the maximum velocity of the single events that have been detected
during the monitoring campaign by each ADCP.

2.5 Discussion

Here we discuss the two end-members in turbidity current structure existing in nature, and
which physical processes might determine where a particular flow lies on the spectrum
between end-members.

2.5.1 Flow structure is independent of triggering mechanisms and system physiography

Turbidity current structure has previously been attributed to several factors, such as the
physiography of the system (Xu et al., 2010; Talling et al., 2007; Stow and Bowen, 1980;
Lowe, 1982), or the mechanism that triggered and initiated the flow (Middleton and Hampton,
1976; Kneller and Branney, 1995; Khripounoft et al., 2012). Here, we find that the flows from
the different sites can show a very similar behavior, despite marked differences in how flows
were triggered or initiated, and in the nature of sediment supply to the system. For instance,
once normalised, the flow structure in littoral drift-fed systems (i.e. Monterey and Hueneme
Canyons, offshore California) is similar to river-fed systems (i.e. Squamish Prodelta and Var
Canyon; Figure 2.5 Panel A), conforming closely to the first end member scenario (rapid
increase in velocity followed by exponential decay) (Figure 2.5 Panel C). Similar turbidity
current structures were formed in the Squamish Prodelta, which were initiated by both delta-
lip collapses or settling from a surface (homopycnal) plume (Hizzett et al., 2018; Hage et al.,
2019), and flows in the Var Canyon caused by plunging (hyperpycnal) sediment-laden river
floodwater (Khripounoff et al., 2012). The velocity-structure of these various turbidity
currents were also comparable to flows measured in Monterey and Hueneme Canyons, caused
by storm wave resuspension and slope failures preconditioned by rapid sediment
accumulation (Xu et al., 2010; Paull et al., 2018) (Figure 2.5 Panel A),. Therefore, a wide
range of triggers, flow initiation and physiographic systems can lead to very similar flow
structure.Within a single physiographic system, however, multiple flow structures are
possible. For example, flows in Congo Canyon are bimodal (Simmons et al., 2020); as some
flows are fast with long durations, whereas others are slow with short durations (Figure 2.4
Panel 6 and 7 and Figure 2.6). However, flows from the same source area can also evolve in
different ways, depending on their erosional capability and the grain sizes of sediment
available on the canyon floor (Hage et al., 2019; Heerema et al., 2020), or there may be
differences in distance to the source of these flows (Simmons et al., 2020).
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Figure 2.5: A) Normalised time-velocity plots for all of the turbidity currents studied in this chapter with
the colour coded relative to the grain-size of the sediment flushed down each system; B) Normalised time-
velocity graph of the same turbidity currents events with the colour coded linked to the steepness of the
slope of the single systems C) Schematic layout of the main end-member turbidity currents as defined in
this study. Numbers within the plot indicate the value of the maximum velocity detected from the ADCPs
along the different portions of the flows; D) core logs sampled at the different physiographic systems used
in this study to infer the grain-size of the sediments transported down-system by turbidity currents (see
Table 2.3 for the description of such core logs and the reference to their study)

2.5.2 Does grain size control velocity-time profiles and if so why?

The normalised graphs shown in Figure 2.5 Panels A and B feature of two end members within
the entire spectrum of flows that we have analysed in our study. The figure also shows other
flows that seem to fall in between such end-members, and this leads us to believe that there
may be a continuum among flow behaviour. We are aware, however, that our study is based
on the available data that primarily focus on siliciclastic environments; hence, we provide
future motivation that data from under-represented systems (e.g. muddy and carbonate-
dominate systems) should be integrated in future.

Rather than triggers or system input type, our results suggest that flow structure is strongly
influenced by the grain size of the sediment that is available for incorporation into the flow.
The slope along which turbidity currents flow down-system seems also to exercise a strong
influence in how flows behave (Figure 2.5 Panels B and C). Sand-dominated systems (e.g.
Squamish Prodelta, Monterey, Hueneme, and Var Canyons; Figure 2.5 Panel D) feature a
higher slope gradient (Figure 2.5 Panel B) and exhibit behavior closest to the first end-
member. They feature short-duration (minutes to hours) flows, and often show the highest
peak velocities (up to 6 m/s) (Figure 2.6). On a higher slope, sand settles out of suspension
more quickly than mud; therefore, these sandy flows decelerate more rapidly. Such
deceleration in turn drives further loss of sediment — resulting in an exponential decay in flow
velocity. Mud-dominated systems feature a lower slope and, in our graph, (e.g. Congo
Canyon; Figure 2.5 Panel D) they occur at the opposite end of the spectrum. These flows
generally have lower velocities and a lower slope that allows flow to be sustained for several
hours to days (Figure 2.6 Panel A).

Muddier sediment is much easier to keep in suspension, and hence slow near-uniform
velocities could suspend mud leading to the long duration of the flows (Azpiroz-Zabala et al.,
2017). The initial peak in velocity is likely to be due to a relative higher concentration of
sediment in the frontal part of the flow, which is dominantly composed of sand (Simmons et
al., 2020). We propose that flow behavior that falls between the two end-members (e.g. Bute
Inlet, Cenderawasih Bay; Figure 2.5 Panel D) relates to the ratio of mud and sand within the
flow and to the slope gradient relative to each system. Based on the data available, we could
not assess the role that particle shape and density may play; hence, this may provide an avenue
for follow-on research.

We now consider whether the absence of a velocity plateau is caused by the lack of mud (silt
and clay-sized fraction) within the flow. If the bed shear stresses fall below the settling
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velocity of mud (0.005 m/s) (Figure 2.6 Panel B), then this flow would not be capable of
suspending mud. Conversely, if the bed shear stresses are higher than the settling velocity of
mud, then it is likely that any mud within the flow would be suspended. The calculated bed
shear stress of sand-rich turbidity currents falls between a minimum of 0.008 m/s (Bute Inlet)
and a maximum of 0.018 m/s (Monterey Canyon). In Congo Canyon, mud-rich flows feature
bed shear stresses ranging from 0.012 m/s to 0.014 m/s (Figure 2.6 Panel B).

The above analysis demonstrates that the absence of a flatten velocity in some flows is not
because turbidity currents cannot carry fine-grained sediment, rather flows do not contain
sufficient fine-grained sediment to sustain the flatten area (Figure 2.6 Panel B). This analysis
also suggests that the duration of the flatten velocity likely relates to the amount of mud in
the flow. In fact, the relative durations of the initial velocity peak and the subsequent flatten
velocity, might help in providing a crude proxy for the ratio of sand to mud in a flow. As a
result, flow structure may vary within individual systems (e.g. Simmons et al., 2020). As we
focused on siliclastic systems, our analysis assumes a single particle density (i.e. quartz).
Future studies should therefore ensure that flows are measured in different system types (e.g.
carbonate-dominated canyons) to understand how widely these results hold.

39



35—

3.0 -

Maximum velocity (m/s)
o N N
(¢, o (4,1

=
o

0.5

"v»27 minutes

Monterey Canyon Bute Inlet Congo Canyon
Squamish Delta West Papua
New Guinea

N
&) %

T o \

ow 716 houredL= 18hoyrs

0.018

0.016

0.014

0.012

o 2
o o
S =
=

Plateau shear velocity (m/s)
2
&

0.004

0.002

Duration Time

Squamish
Delta

settling velocity for fine to medium sand

settling velocity for fine sand

Bute Inlet Congo

Canyon

Congo
Canyon

Monterey
Canyon

Figure 2.6: A) comparison between flow duration for some of the events analysed in this study. B)
Cumulative bed shear stress of turbidity currents. In this graph, each block represents the sum of the
bed shear stress estimated once each flow is more likely to deposit (plateau-like area). Vertical segments
indicate the standard deviation error. For sites such as Squamish Delta, the value of the standard error

40



is missing because the date used herein are relative just to a single flow. Horizontal lines account for
the settling velocity threshold relative to silt, fine and medium sand. Refer to the main test for the
specification of the values herein considered.

2.6 Conclusions

This analysis of turbidity current structure at different sites worldwide focuses on the
temporal evolution of the maximum velocity. In our analysis we mainly looked at the gradient
of the system’s slope and the grain size transported down stream by each event. Such
parameters seem to be interconnected and equally important in determining the shape of the
flow velocity. The grain size, however, seems to have the strongest control on flow behaviour;
Knowing the grain size of the sediments within a specific physiographic system might help in
inferring a likely flow structure. This is valuable to studies that focus on geohazards, as the
initial dense, sandy portion of the flow will have a different impact to the more sustained
plateau. Our findings also have implications for the transport and burial of particles such as
organic carbon and pollutants (including microplastics), as they are transported according to
their grain size (e.g. Galy et al., 2007; Hage et al., 2020; Pohl et al., 2020; Kane et al., 2019).
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Abstract

Bedforms on the seafloor are important archives to understand the behaviour of turbidity
currents. Previous studies based on bathymetric surveys acquired from surface vessels found
that only two main scales of bedform exists: small-scale (10s-100s of m wavelength) or large-
scale sediment waves (several kms wavelength). These studies concluded that a distinction
between two different flow modes exists, where small-scale bedforms are restricted to
confined settings and large-scale sediment waves occur in unconfined deep water settings. By
analysing an unusually extensive and high-resolution AUV bathymetric surveys collected
offshore East Africa, we make consistent morphometric measurements of bedforms from
water depths of 60 m to 2,800 m along two major submarine canyons, the Vamizi and Afungi
Canyons. Such canyons from the proximal to the distal regions appear to be mainly confined;
the Vamizi Canyon, however, opens up to a much wider splay area before reaching the deep
water Querimbas Graben. First, we found that a new intermediate class of medium-scale
bedforms exists within the previous data gap; thus a continuum of flow processes may exist.
Second, the different scales of bedforms do not necessarily relate to water depth, as small-
scale bedforms were found in two different settings: at the proximal reaches of the canyons to
a water depth of 600 m; and at the distal reaches of the canyons up to a water depth of ~1,800
m. Finally, we identify an additional class of bedforms that did not exist in the previous
classification. It consist of steep, stepped morphology that we identified as a knickpoint. These
knickpoints occur at two scales: within the new medium-scale bedform domain, and also in
much larger forms (60->70 m wave height). Finally, we observe a wider range of scatter in
the wave height:wavelength ratio of large-scale scours than what previously identified. Our
analysis shows that high-resolution AUV surveys provide the means to fill fundamental gaps
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in our understanding of how channels are built and maintained, and to better constrain the
nature of particulate transport into the deep sea.

3.1 Introduction

Recent advances in technology have provided the first direct field-scale insights into the often-
powerful and fast-moving sediment-laden flows known as turbidity currents, and their
seafloor interactions (e.g. Xu et al., 2011; Hughes Clarke, 2016; Normandeau et al., 2016;
Azpiroz-Zabala et al., 2017; Hizzett et al., 2018; Paull et al., 2018). However, direct
monitoring remains in its relative infancy, and is rare or absent in many settings Additionally,
the observations are currently limited to relatively shallow water (<2 km, and mostly within
a few hundreds of metres water depth; Azpiroz-Zabala et al., 2017; Clare et al., 2020 and
references therein). Therefore, the records of past turbidity currents, in the form of their
deposits, and the bedforms that they create on the seafloor, remain important archives for
understanding the behaviour of turbidity currents (e.g. Bouma, 1964; Kuenen, 1964; Zeng et
al., 1991; Piper and Normark, 2009; Hubbard et al., 2014; Postma and Cartigny, 2014; Maier
et al., 2019). The dimensions, cross sectional and plan-form morphology of bedforms have
previously been qualitatively and quantitatively linked to flow properties such as discharge,
thickness, velocity, stratification, based on observations of field-scale turbidity currents, and
analogue and numerical modeling (Hughes Clarke et al., 1990; Nakajima, 2002; Spinewine et
al., 2009; Stow et al., 2009; Sequeiros, 2012; Cartigny et al., 2014; Kostic, 2014; Postma and
Cartigny, 2014; Hughes Clarke, 2016; Hage et al., 2018). Understanding flow behaviour is
important because it modulates the efficiency and extent of the transport of sediment, organic
carbon and pollutants to the deep-sea, and dictates the nature of impacts to critical seafloor
infrastructure such as telecommunication cables (Galy et al., 2007; Carter et al., 2014; Pohl et
al., 2020; Zhong and Peng, 2021).

Bedforms are common across the global seafloor, particularly in submarine canyons and
channels, where they form the main stratigraphic building blocks (Fox et al., 1968; Wynn and
Stow, 2002; Symons et al., 2016; Covault et al., 2017). These seafloor geomorphic features
can range from small-scale crescentic bedforms with wavelengths of tens to hundreds of
metres, which typify many shallow water prodeltas and the heads of submarine canyons, to
large-scale sediment waves with km-scale wavelengths that have been observed on many open
continental slopes worldwide (Wynn and Stow, 2002; Symons et al., 2016). Previous analysis
of a database of submarine bedforms from 82 sites worldwide suggested that the distribution
of bedforms between these two scales is not continuous; instead observing the clustering of
small-scale and large-scale bedforms either side of a statistically-significant data gap when
the bedform wavelength for each of the sites was plotted against wave height (Symons et al.,
2016; Figure 3.5). This data gap was interpreted by Symons et al., (2016 ) to represent a
distinction between two main flow modes, where small-scale bedforms (<300 m wavelength
and <8 m wave height) are restricted to confined settings (channels and canyons), and large-
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scale sediment waves (up to 7.2 km wavelength and 220 m wave height) tend to occur in
unconfined settings.

The same authors noted, however, that the data gap may also be a function of data resolution
and were therefore unable to make a firm conclusion at the time. In the analysis of Symons et
al., (2016 ), most of the bedforms were identified from multibeam echosounder surveys that
were performed from a surface vessel; the resolution of which becomes poorer in greater water
depths as the transponder becomes further away from the seafloor. Horizontal and vertical
resolution of multibeam sonar systems is ~ 3.5-20% of water depth and ~ 0.2—0.8% of water
depth respectively (Hughes Clarke, 1998; Symons et al., 2016). This resolution issue can be
solved by using an Autonomous Underwater Vehicle (AUV), which can be flown a controlled
height above the seafloor, thus maintaining a constant vertical and horizontal resolution
(Wynn et al., 2014). As AUV surveys tend to be time-consuming and expensive, their use in
scientific studies so far has largely been limited to only small portions of submarine canyon
and channel systems, such as small-scale crescentic bedforms within proximal to medial
reaches of confined canyons (e.g. Paull et al., 2010; Paull et al., 2011; Tubau et al., 2015) and
large-scale scours at the channel lobe transition zone (Carvajal et al., 2017; Maier et al., 2020).

Offshore engineering projects require exceptionally high precision surveys to assist with the
siting and design of offshore structures. As a result, extensive AUV surveys are now routinely
acquired by industry, particularly for large subsea developments and linear infrastructure
routes (e.g. cables, umbilicals and pipelines) and where they will interact with irregular and
potentially hazardous terrain, such as submarine canyons or channels (e.g. Campbell, 2015;
Nash and Roberts, 2011). In this study, we benefit from an unusually extensive and high
resolution industry-acquired AUV survey offshore East Africa that spans an area of 65 x 50
km, with a horizontal resolution of 5 m x 5 m, locally with inset higher resolution (2 m x 2 m)
surveys. Such dataset enables us to make consistent morphometric measurements of
bedforms from water depths of 60 to 2800 m.

3.1.1 Aims

Using this extensive and high-resolution seafloor dataset, we will address the following aims.
First, we aim to determine what scales of bedforms exist along 60-70 km length of two major
but distinct submarine canyons and if our high-resolution survey will validate the bedform
groping as identified by of Symons et al., (2016 ). Second, we aim to determine the nature and
spatial distribution of the different bedform groups within the two submarine canyons, and
how such characteristics vary relative to their specific environmental settings. Third, we
explore the physical controls on the distribution of the different scales of bedform. Previous
studies suggest that small-scale crescentic bedforms are most common in proximal, confined
settings. Are similar small bedforms apparent in deeper water and if so, why? Are large-scale
sediment waves only present in areas of reduced confinement? If intermediate forms exist, do
they only occur within certain canyon morphologies? Finally, we aim to understand what may
be missing from existing ship-based seafloor surveys and how future high-resolution AUV
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surveys can fill outstanding knowledge gaps surrounding deep-sea sediment transport and
hazard assessments.

3.2 Geological Setting

Our study area includes a series of submarine canyons that incise the continental shelf offshore
Mozambique, East Africa (Figure 3.1 and Figure 3.2), which then extend beyond the study
area (>2800 m water depth) into the deep-water Tanzania Channel (Maselli et al., 2020). This
sector of the northern Mozambique margin is part of the Rovuma Basin whose evolution
started in the Late Carboniferous to the early Jurassic with the breakup of Gondwana (Salman
and Abdula, 1995). The spreading of active seafloor between Madagascar and India marked
the cessation of rifting and lead to the development of the present-day East African passive
continental margin (Reeves et al., 2016).

The precise age of canyon formation on the margin remains unclear, but was presumably
linked to sediment supply from the Rovuma delta system, the scale of which was much larger
prior to the Holocene (Fonnesu et al., 2020), Maselli et al., 2020)The Rovuma river and delta
systems represent the most recent supply of terrigenous material to the continental shelf
(Fonnesu et al., 2020). Core samples show that the sediments within the canyons are sandy
where the dominance of the sand-sized fraction being of carbonate and biogenic material, with
the remainder being siliciclastic in nature (Pers. Comm. Hunt, Figure 3.3). The continental
slope features a complex morphology, the expression of which relates to a series of
gravitational structures of the Palma and Macimboa thrust belts (Mahanjane and Franke,
2014). Towards the deepest water in the study area (c.2,600 m), the surface expression of a
normal fault that bounds the landward extent of the Querimbas Graben (Maselli et al., 2020)
creates a pronounced steepening of the continental slope (Figure 3.1).

The morphological and subsurface nature of the shelf break is indicative of a mixed carbonate-
siliciclastic margin (Leeder, 1999; Chiarella et al., 2017). The shelf break exhibits a series of
notches, which may represent Pleistocene palaco-coastlines (Green, 2011) and it is crossed by
several intersects associated with the head of mature submarine canyons. Since the Last
Glacial Maximum (LGM) at approximately 25,000 years B.P., the present-day morphology
of the Mozambique shelf break appears to be governed by sea level fluctuations (Rohling et
al., 2009); however, warming at the end of the Pleistocene saw a sharp rise of the sea level
that has remained relatively stable since approximately 6,000 years B.P. (Ramsay, 1995).

The typical regional gradient across the northern Mozambique continental slope ranges from
less than 4° to 6° and the water reaches depth >3,000 m where the canyons reduce in gradient
upon entering the Querimbas Graben, where they coalesce to create the deep-water Tanzania
Channel (Maselli et al., 2020). Five large East-West trending submarine canyons (and smaller
intervening gullies; Figure 3.1) provide evidence for the past downslope activity of sediment-
laden flows; the canyons themselves also featuring morphologies that are indicative of
additional reworking by slope failure — particularly on their flanks and at their heads (Farre et
al., 1983; Maselli et al., 2020; Fuhrmann et al., 2020). The precise timing of these former
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flows is also unclear and may have been more common during sea-level lowstands when
canyon heads were better connected to terrestrial sediment supply but may also have been
regulated by tectonic activity on the East African Rift Valley (Burger et al., 2001; Maselli et
al., 2020; Fuhrmann et al., 2020).
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Figure 3.1: 3D image of the study area offshore the Northern Mozambique continental slope based on
5 m gridded AUV bathymetric data (vertical exaggeration 5.5x)

In this study we specifically focus on two canyons (Vamizi and Afungi canyons) (Figure 3.2)
that are surveyed over 60-70 km of their length, from 60 m to 2,800 m water depth and that
show a slightly different morphology. Local gradients within these canyons generally range
from 1° to 6°. Canyon morphology appears to be controlled by some of the regional structural
features, particularly in the deepest parts of the survey area where the surface expression of
the Querimbas Graben System causes a rejuvenation of the slope. The Vamizi Canyon is wider
than the other canyons observed, reaching widths of between 3 and 6 km. Immediately up-dip
of the Querimbas Graben System, the Vamizi Canyon is observed to broaden out, where a
series of large (15 m to 60 m high, 400 to 6,000 m wide) scours are observed on the seafloor.
The Afungi Canyon is less sinuous and more narrow (up to 700 m width) than the Vamizi
Canyon, and rather than broadening out in deeper water, it becomes much more constricted
(1 km wide) between 2,000 m and 2,500 m water depth, and then undergoes an abrupt series
of steep steps where it reaches the Querimbas Graben System. These two canyons now form
the basis of our study.
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Figure 3.2: a) 2D seafloor map of the study area surveyed using 2 m swath bathymetric data resolution.
b) Same area fully covered by the 5 m data resolution. ¢) Simplified cartoon of the along slope
bathymetric profiles of the Vamizi and Afungi canyons showing the locations of the major bedform
classes found in this study.

49



680000 700000 720000 740000
T T A

o PC BOD
3 GT.MC2 BCepy coo&pﬁ e
& PC BOOBGC B020
PC AD29 4

A

Ci
Gc cotg6e cot?
cPT C C016

g GH_PC57_BCCC C016a = 2
8 8
R i 2
5 5
720000 740000
GH_BC310_BC GH_PC605_PC GH_PC214_BC GH_PC213_BC E
2oool 2oool Topel o
o @ LoN>Su=0> o LONSL=0> 0 w 5 Su=0> n_l 02320430 yr
B7575yr % 8-13cm
2-5cm
_ 191 No core 10 10 10 _10 .
; o e
s & < -13cm
£ 20 £ 20 20 2. £ 20 026530100 yr
8 -] 2 45-49 cm
30 30 % 5 [l 188052150 yr 30
g b=y 29-34 cm
40 0 = 4 5 [1>43500 yr
‘ E = [I 38415240 yr £500/cm
HP with no 39-49 cm
transition to 50
turbidite as Carbonate HP transition 120
previously 60. “debrite” above into turbidite
suggested. HP and a thick mudcap. 140
turbidite mudcap.
70 70
“HD" turbidite with a £ 160
50 subtly graded, poorly- &
sorted calcareous sand. £
Iy £ 180
FOR oT_mc18q
200 Series of sandy
turbidites and
220 thick deformed
HP units
represents
cohesive
debrites of HP
materials.
700000
Interpretations: GH,Pc:o:_ S‘z cH,pcm:,F;cvg GH_PC223 BC GH_PC223_PC GH_PC65_PC GH‘PCiS ‘“BCu
1) No turbidites at BC310 fa0050
B K ==t o L= o P -
2) Debrite at PC605 is graded = o <1950 =
and likely a HD turbidite. Zn i p1om Bt Miiosoy s -
. . s s 3 2 £30 YT
3) Debrite at BC214 is non- . = = e 13.16 om
20 220 2 Check in-situ HP? 20
graded but may still be a GH_BC313_8C ’gm s
HD turbidite. 1, B8 S
4) “Debrites” at PC605 and o -
BC214 could be related, m 50 = [eesson
: 7 § -7 om
coming from an extra- £ g z 10 ﬂmm -
& . £ 20. r 8 g
canyon source. “Debrite & i = S=liom

dated younger than 18805
ka.

5) Potential erroneous
identification of HP in
PC214 and PC213, may
instead by turbidite
mudcaps. These sediments
have been dated.

6) PC215 has three turbidites
with two in relation to
cohesive debrites.
Youngest dated at 26530 to
>43500 ka.

3

Depth (cm)

Figure 3.3: Example of the logs of seafloor cores along the Vamizi Canyon

50



3.3 Data and Methodology

The primary dataset analysed here is a high-resolution multibeam echo-sounder bathymetric
survey that spans an area of 65 x 50 km (Figure 3.1), acquired from a Hugin 1000 AUV using
a Kongsberg EM2040 sonar that provided 140° coverage with a frequency range of between
200 and 400 kHz. Data across the entire area were gridded into 5 x 5 m bins. Higher resolution
(2 m x 2 m) surveying was also performed to provide greater clarity in some areas (Figure
3.2).

To analyse the variability in bedforms along the two major canyons (Vamizi and Afungi
canyons), we used the bedform tracking algorithm of van der Mark & Blom (2007) to quantify
the morphometry of 64 specific bedforms selected on the basis of the high-resolution surveys.
This algorithm analyses user-defined profiles (along the canyon thalweg or axial channel) to
find the wave height and wavelength of specific bedforms selected in the profiles. We
extracted this bedform information for the bedforms present within different reaches of the
canyons that we define as proximal, medial and distal (as shown in Figure 3.2, Panel C)In
defining such areas we mainly looked at the bathymetric contours map generated using ArcGis
and the relative distance measured along the canyon. We defined the area preceding the shelf
break as proximal, from 0 m to ~700 m below the sea level; up to 40 km horizontal distance
and water depth of ~1,500 m was described as medial area; finally, up to 70 km along canyon
and 2,500 m water depth was identified as distal area. We implemented each of the following
steps in line with van der Mark & Blom (2007). For each canyon profiles, we chose a weighted
moving average trend line, where the length of the moving average window is roughly 1/6 of
the bedform length of interest. After detrending the profile, the start and end of the bedform
of interest can be easily identified (Figure 3.4). Once the individual bedforms are identified,
then bedform length is defined by the crest-to-crest distance in the unfiltered profile, and the
wave height is defined as the crest and the subsequent trough in the unfiltered profile.
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Figure 3.4: Annotated example to illustrate the methodology used to measure bedforms dimensions
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3.4 Results

We now present the results of our analysis of the bedforms that were observed along all
reaches of the Vamizi and Afungi canyons.

3.4.1 Overall observations of bedform morphometry

When plotting the measured wave heights and wavelengths of the bedforms detected along
the thalweg of Afungi and Vamizi Canyons (Figure 3.5) we observe a wide variety of
bedforms, with wavelengths ranging from 70 m to 8,000 m and wave heights varying from
1.5 mto 70 m. This is a similar range to that seen by Symons et al. (2016) and we also observed
a very similar trend in wave height:wavelength ratio as seen by those same authors. The data
indicate a very similar power-law trend to that seen by Symons et al. (2016) in wave height:
wavelength, albeit with some variance from that trend (R>=0.41; Figure 3.5). We also observe
the same scale classes of bedforms to those in Symons et al. (2016), which include: 1) small-
scale bedforms (up to 500 m wavelength and 5 m wave height); ii) large-scale bedforms
(<10,000 m wavelength and <20 m wave height); iii) and large-scale scours (~10,000 m
wavelength and >50 m wave height).

However, we make three observations that contrast with the study of Symons et al. (2016);
First, we recognise a medium-scale category of bedform (up to 700 m maximum wavelength
and ¢.10 m maximum wave height) that was absent in the study of Symons et al. (2016) and
fills the data gap previously proposed. Second, we identify a type of bedform that did not exist
in the classification of Symons et al. (2016) that is represented by a steep, stepped
morphology, that we identify as a knickpoint based on morphological similarities to those
identified in other studies (e.g. Mitchell et al., 2006). These knickpoints seem to occur at two
scales: within the new medium-scale bedforms domain, and also much larger forms (60->70
m wave height). Third, we observe a wider range of scatter in the wave height:wavelength
ratio of large-scale scours than identified by Symons et al. (2016; Figure 3.5).
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Figure 3.5: Bedforms morphometric dimensions observed in this study compared with the previous
observations of Symons et al. (2016). Logarithmic plot of wavelength versus wave height for the
bedforms detected along the thalweg of the Vamizi and Afungi canyons

3.4.2 Scale classes of bedforms and their spatial distribution

In this section, we discuss the different classes of bedform scale that we identify in more
detail, and their locations within the Vamizi and Afungi canyons.

3.4.2.1 Small-scale bedforms

Small-scale bedforms have wavelengths ranging from 100 m to 500 m and wave heights
spanning from 1.5 m to 5 m. They are asymmetric with round crests and narrow troughs and
are parallel to sub-parallel to the bathymetric contours, following the canyon thalweg
orientation. Such bedforms are found in two distinct locations (Figure 3.5):

[1] In the proximal to medial reaches of both the Vamizi and Afungi Canyons (up to 600
m water depth). Here, they are particularly pronounced in the head of the Vamizi Canyon,
where they start with small dimensions (~100 m wavelength and ~5 m wave height). In its
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proximal area, the Vamizi Canyon features a bathymetric profile gradient of 4°, with the axial
channel depth varying from 6 m to 40 m and the channel width that ranges from 30 m to 300
m. The Afungi Canyon seems to show a slightly greater gradient of 6°, with the channel depth
spanning from 2 m to 5 m and the axial channel width that varies from 100 m to 400 m (Figure
3.2, Figure 3.5, Figure 3.6 and Figure 3.7).

[2] In the distal, narrow part of the Afungi Canyon (at~1,800 m and from 2,200 m to
2,620 m). Here, small-scale bedforms are either found within a narrow (up to 300 m-wide)
section of canyon (Figure 3.5 and Figure 3.11), or else superimposed on top of larger stepped
bedforms (70 m—high and gradient from 3° to 6°) (Figure 3.5 and Figure 3.13). The overall
gradient for the distal part of the canyon is ~2°. The depth of the shallowest reach of the
canyons is 10 m and the width is 100 m. In the more distal and deeper portion of the canyon
where the channel broadens to 120 m, smaller bedforms are found superimposed on top of
larger bedforms (Section 3.4.2.5).
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3.4.2.2 Medium-scale bedforms

This scale of bedform was not previously recognised by Symons et al., 2016 (nor by the earlier
study of Wynn and Stow, 2002) and forms an intermediate type between small- and large-
scale bedforms. They generally feature a crescentic planform, with an upslope asymmetric
cross-sectional morphology but this is not always as well defined as in the case of small-scale
bedforms. Their dimensions vary from 300 m to 700 m wavelength and from 3 m to 9 m wave
height and are observed from 600 m to 2,000 m water depth in the medial reaches of the
Vamizi and Afungi canyons (Figure 3.5 and Figure 3.8). The Vamizi Canyon shows an
average gradient of its bathymetric profile of 1°, a channel depth ranging from 15 m to 40 m
and a channel width varying from 350 m to 1,600 m. The Afungi Canyon features a similar
bathymetric profile trend, a channel depth varying from 10 m to 30 m and a channel width
from 400 m to 650 m.

3.4.2.3 Large-scale bedforms

Large-scale bedforms have wavelengths ranging from 700 m to <10,000 m and with wave
heights between <10 m and <20 m. They show a wide range of morphologies, from straight
to sinuous in planform and from symmetrical to asymmetrical in cross-section. Such sediment
waves occur from ~1,200 m to ~2,000 m water depth, where the medial parts of the Vamizi
and Afungi Canyons gradually transition into their distal reach. In these areas we also observe
10 m to >15 m high scours (see Figure 3.5 and Figure 3.5). The bathymetric profile of the
Vamizi Canyon shows an average of 2° gradient with a concave to convex shape. The channels
locally reach depths up to 60 m and width that spans from 500 m to >2,500 m. The Afungi
Canyon shows a straight bathymetric profile also characterised by a low gradient (~1°) and
the channels locally reach depths of >50 m and widths from 70 m to >200 m.

3.4.2.4 Large-scale scours

Large- scale scours have wavelengths from 800 m to 10000 m and wave heights from 30 m
to >50 m that are distinguishable from bedforms by enclosed depressions (see Figure 3.5
andFigure 3.10). They mainly occur at the distal part of the Vamizi Canyon in up to 2,500 m
water depth where the canyon becomes less confined, with a splay-like morphology. Here,
these large scours appear to be grouped into erosional areas bounded up- and downstream by
steep-faces of 20 m to 40 m height. The overall canyon profile is 1° and the channel depth can
reach up to >50 m and width up to >2,000 m.
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Figure 3.9: Detailed image of the Vamizi Canyon medial area realised using the 5 m swath bathymetric
data resolution. A: 3D visualization of the area; B: 2D bathymetric map of the area with visible in plan
view the large-scale bedforms and areas with scours. C: bathymetric profiles along and across canyon
(see also Figure 3.2 and Figure 3.5).
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also Figure 3.2 and Figure 3.5)
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3.4.2.5 Large knickpoints

Very steep and high knickpoints have wavelength varying from 2,000 m to 3,000 m and wave
heights that reach values of 60 m to >70 m. They occur at the distal area of the Afungi Canyon
at >2,300 m water depth and are spaced 500 m to 3 km apart, featuring a sharp crest and are

often overlaid by small-scale upslope migrating crescentic bedform (see Figure 3.5 and Figure
3.11).

3.5 Discussion

3.5.1 Filling the gap in bedform scales

High resolution AUV bathymetric data have allowed us to make detailed measurements of
bedform morphometry along the full length (~70 km) of two submarine canyons offshore
Mozambique. While we identify similar classes of bedform scale (small-scale bedforms,
large-scale bedforms and large scours), the new class of bedform that we observe (medium-
scale) appears to fill in the gap in bedform dimensions of Symons et al. (2016). The
exceptional resolution of the AUV bathymetry (particularly the 2 m binned data) reveals that
an intermediate scale of bedform exists between the small-scale crescentic and large-scale
sediment waves, which may indicate that a continuum of flow processes may exist, despite
the possibility of two distinct flow modes as previously suggested (Symons et al., 2016). We
also find that different scales of bedform are not necessarily dependent on water depth (Figure
3.11, Figure 3.12 and Figure 3.13). There is a very large amount of scatter when we plot
wavelength and wave height against water depth, and we observe that, while small-scale
bedforms are often most common in shallower water, they can also occur in deep water, such
as the bedforms in the Afungi Canyon distal areas (Figure 3.11 and Figure 3.13).

3.5.2 Revisions to Symons et al. classification of bedforms

We largely find very consistent scales and types of bedform with the study of Symons et al.
(2016); however, our data lead us to propose some revisions as we now discuss.

First, the medium-scale bedform appears to generally be transitional type of bedform between
small-scale upstream-asymmetric crescentic bedforms and large-scale sediment waves.
Medium-scale bedforms are often upstream-asymmetric in cross section and in many
instances are morphologically-similar to steep-steps, known as knickpoints (e.g. Mitchell et
al., 2006). The classification of Symons et al. (2016) did not include knickpoints; however,
since their study was published, high resolution seafloor surveys have increasingly begun
identifying these features in many submarine canyon and channels worldwide (e.g. Offshore
California — Paull et al., 2010; British Columbia — Heijnen et al., 2020; Bay of Biscay -
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Guiastrennec-Faugas et al., 2020). These knickpoints typically have wave heights of a few to
tens of metres, and this scale of knickpoints is thought to be controlled autogenicenically (i.e.
by internal channel processes; Vendettuoli et al., 2019; Guiastrennec-Faugas et al., 2020;
Heijnen et al., 2020).

Second, we identify a much wider range in scales and wavelength:wave height ratio for large-
scale scours than previously identified by Symons et al., 2016. Another type of much larger
(up to 70 m high) knickpoints is observed within this class, which occur immediately up-dip
of the large normal fault that bounds the Querimbas Graben (Figure 3.1 and 3.12). We posit
that these much larger knickpoints are therefore primarily controlled by an allogenic, tectonic
influence (sensu Maier et al., 2020; Whittaker and Boulton, 2012 - and references therein),
rather than the autogenically-controlled medium-scale knickpoints (Heijnen et al., 2020).

Third, and as shown in Figure 3.13, we find that small-scale crescentic bedforms may occur
in all water depths, at multiple parts of a canyon or channel (Figure 3.3, 3.12 and 3.13). This
is evidenced by the fact that the smallest observed crescentic bedforms were found in the
distal, much narrower reaches of the Afungi Canyon. Here, these bedforms were found
superimposed on much larger bedforms. Such superposition can be common, but is
challenging to image without sufficiently high resolution data.

3.5.3 What controls the distribution of the different bedform types?

We now relate the different scales of observed bedform to plausible controls. The small-scale
bedforms we observe are equivalent to crescentic upstream-migrating bedforms that typify
proximal sandy canyon systems worldwide (Paull et al., 2005; Hage et., 2018). We found that
they were most concentrated in proximal settings, but can also occur where slopes are steep
and/or confinement is narrow. We relate these bedforms to faster, concentrated flows that
undergo a series of cyclic steps (e.g. Hughes Clarke, 2016). Their high concentration and
velocity is maintained by a combination of high slope angle and constriction of the flow path
(Cartigny et al., 2011; Sequeiros, 2012; Covault et al., 2017; Vellinga et al., 2018). Medium-
scale bedforms occur in the medial parts of channels and we explain their occurrence either
by: 1) the expansion of the flows that created the small-scale crescentic bedforms, as they
entrain more water and sediment, creating larger wave height and wave length bedforms
(Piper and Savoye, 1993; Symons et al., 2017); or ii) from the internal generation of
knickpoints that retrogress up-slope (Heijnen et al., 2020). Large-scale bedforms were only
observed in distal reaches of the channels (in agreement with Symon et al., 2017), where
confinement is much lower and we suggest that this relates to further expansion of flows that
become more dilute (e.g. Komar, 1973; Wynn et al., 2000; McCave, 2017). Large-scale scours
were only found in the distal reaches of canyons where past tectonic deformation has locally
steepened the slope. The two types of scour include large-scale knickpoints, which appear to
have initiated at a point coincident with a subsurface normal fault (similar to numerical
modeling that showed enhanced bed shear where fault-controlled topography creates seafloor
steps; Ge et al., 2017; and observations from seafloor data - Maier et al., 2019), and broader
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scours, which are similar in morphology to those observed at the distal channel lobe transition
zones of many submarine channel systems (e.g. Wynn et al., 2002; Macdonald et al., 2011;
Hofstra et al., 2015; Carvajal et al., 2017).
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Figure 3.12: Bedform dimensions compared with water depth. Logarithmic plot of wave height (bottom
panel) and wavelength (top panel) versus water depth for the bedforms analysed along the thalweg of
the Vamizi and Afungi canyons.
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3.5.4 Water depth-related controls on the identification of small- and medium-scale
bedforms

In order to compare what may realistically be resolved from ship-based surveys compared
with our higher resolution AUV data, we re-gridded our high resolution bathymetry more
coarsely (up to 50 m x 50 m grid size). This coarsest gridding is equivalent to the spatial
resolution of a ship-mounted multibeam sonar system in 2,500 m water depth with a one
degree beam (Mayer, 2006). When the 2 m-grid size bathymetry is re-gridded to 5 m, the
planform morphology of the small-scale crescentic bedforms is largely lost. While, cross
sections at this resolution allow for the identification of peaks and troughs and render a general
upslope-asymmetric morphology, their initial identification may be hindered. Re-gridding at
coarser scales degrades the data further still, such that any evidence of these bedforms is lost
completely (Figure 3.13). The recognition of small to medium-scale bedforms will therefore
be limited in deep water without the use of AUV-acquired bathymetry. Other AUV surveys
that covered small sections of canyons or channels have also identified that small-scale
bedforms may be typical of many reaches of active confined submarine systems (e.g. Paull et.
al., 2010; Carvajal et al., 2017) and they are thus not limited to proximal reaches alone. We
suggest that this small scale bedform may be far more pervasive than previously thought and
that there is a continuum of flow behaviour, between flows that create small- and medium-
scale bedforms. As bedforms provide valuable information on the nature of the flows that
have occurred within a channel, we suggest that more high resolution seafloor surveys provide
an exciting tool to further our understanding of the local to global variations and trends in
turbidity current behaviour.
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3.6 Conclusions

Over the past few years there have been remarkable changes in the ability to map and visualise
the seafloor thanks to the employment of autonomous underwater vehicles (AUV) that do not
suffer from water-depth related issues. By analysing an unusually high resolution and
extensive AUV bathymetric dataset, we identify a previously-unrecognised continuum
between small, crescentic bedforms and large-scale sediment waves. We identify a class of
medium-scale bedforms that was omitted from a previous global database. These medium-
scale bedforms relate to a bedform that is either transitional between the small crescentic
bedforms and large-scale sediment waves or is either a steep stepped-form, known as a
knickpoints and that is increasingly observed in many other canyons and channels worldwide.
Bedform dimensions can vary independently of water depth, but the identification of the
smallest scale bedforms is hampered in increasing water depths. High resolution AUV surveys
provide the means to fill fundamental gaps in our understanding of how channels are built and
maintained, and to better constrain the nature of particulate transport into the deep sea.
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Abstract

Turbidity currents are powerful flows of sediment that pose a hazard to critical seafloor
infrastructure and transport globally important amounts of sediment to the deep sea. Due
to challenges of direct monitoring, we typically rely on their deposits to reconstruct past
turbidity currents. Understanding these flows is complicated because successive flows
can rework or erase previous deposits. Hence, depositional environments dominated by
turbidity currents, such as submarine channels, only partially record their deposits. But
precisely how incomplete these deposits are, is unclear. Here we use the most extensive
repeat bathymetric mapping yet of any turbidity current system, to reveal the stratigraphic
evolution of three submarine channels. We re-analyze 93 daily repeat surveys performed
over four months at the Squamish submarine delta, British Columbia in 2011, during
which time >100 turbidity currents were monitored. Turbidity currents deposit and
rework sediments into upstream-migrating bedforms, ensuring low rates of preservation
(median 11%), even on the terminal lobes. Large delta-lip collapses (up to 150,000 m?)
are relatively well preserved, however, due to their rapidly emplaced volumes, which
shield underlying channel deposits from erosion over the surveyed timescale. The biggest
gaps in the depositional record relate to infrequent powerful flows that cause significant
erosion, particularly at the channel-lobe transition zone where no deposits during our
monitoring period are preserved. Our analysis of repeat surveys demonstrates how
incomplete the stratigraphy of submarine channels can be, even over just 4 months, and
provides a new approach to better understand how the stratigraphic record is built and
preserved in a wider range of marine settings

4.1 Introduction

It is important to understand how offshore sedimentary systems evolve, and the resultant
stratigraphic architecture. For example, predicting this stratigraphic architecture is important
for recovering oil and gas reserves, or when attempting to reconstruct past records of
geohazards, such as submarine landslides or powerful gravity driven sediment flows known
as turbidity currents (Clark and Pickering, 1996; Carter et al., 2014). Stratigraphic architecture
observed in seismic profiles, sediment cores and outcrops is typically used to reconstruct
sedimentary system evolution; however, from these data we cannot tell what may have been
deposited but not preserved (Hubbard et al., 2014; Durkin et al., 2018). Thus, we often rely
upon forward numerical models to understand how architecture is built (Sylvester et al., 2011;
Jobe et al., 2017). In subaerial environments, repeat satellite or aerial photogrammetry surveys
enable monitoring of river and delta evolution, and thus calibration of these models (Moody
and Meade, 2014; Schwenk et al., 2017). Such aerial techniques cannot image seaward of the
shallow coastal zone, however. Therefore, laboratory experiments are used to understand how
architecture is built and preserved in deep-sea sedimentary systems (e.g. Paola et al., 2009).
These experiments are subject to scaling issues; hence, there is a pressing need for field-scale
observations to understand the accuracy of such models and interpret geological archives
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(Talling et al., 2015).

4.1.1 Using repeat seafloor surveys to observe stratigraphic evolution of marine systems

Recent technological advances have enabled accurate bathymetric surveys to be collected
repeatedly, to produce time-lapse data. These time-lapse surveys can provide a major advance
in understanding of the rate and nature of seafloor change in different settings. Previous
examples of marine time-lapse surveys include studies of estuaries (Mastbergen et al., 2016),
submarine deltas (Hill et al., 2008; Casalbore et al., 2011; Biscara et al., 2012; Clare et al.,
2017; Lintern et al., 2016), continental slopes (Kelner et al., 2016), deep-sea submarine
canyons (Smith et al., 2007; Xu et al., 2008; Paull et al., 2018; Mountjoy et al., 2018),
submarine channels in fjords (Conway et al., 2012; Normandeau et al., 2014; Gales et al.,
2019), and lakes (Corella et al., 2016; Silva et al., 2018). These time-lapse datasets cover
seven or fewer repeat surveys, over timescales of months to decades (Table 1.1), which is
much less frequent than the rate at which sediment transport events occur. As a result, it has
been challenging to document stratigraphic evolution in detail.

Here we analyze the most detailed time-lapse mapping yet of any marine system. This data
set comprises 93 bathymetric surveys along the three submarine channels of the Squamish
Delta, British Columbia. These surveys were collected over successive weekdays in the spring
and summer of 2011 (Hughes Clarke et al., 2012). Based on changes in seafloor elevation,
and direct flow measurements using an acoustic Doppler current profiler, over 100 turbidity
currents were recorded in the highly-active proximal channels. However, less than half of
these events reached the lobes at the channel mouths (Hughes Clarke et al., 2012; Hizzett et
al., 2018; Stacey et al., 2018). We use this unique dataset of closely-spaced repeated surveys
to document directly, for the first time, how the stratigraphy of submarine channels is built
and preserved at field- scale.

While these data are unusually detailed, we recognise some important caveats in our method
and data set. First, the study timescale covers only four months. Hence, we probably do not
capture rare but powerful sediment transport events that may decimate the stratigraphic record
and cause major topographic modifications (e.g. Strauss and Sadler, 1989; Durkin et al.,
2018). Second, repeat surveys should be acquired at a frequency appropriate to the rate of the
process being monitored. Hughes Clarke (2016) documented that up to seven turbidity
currents may occur within one day. Thus, it is likely that the daily survey repeats may miss
some events. Despite these caveats, we know of no other data set that is so detailed (covering
the full extent of three channels, with such repetition). We use this exceptionally detailed
series of time-lapse bathymetric surveys to understand: (1) how stratigraphy from submarine
channels deposits is generated, and (2) the extreme incompleteness of the depositional record,
even over a period of just 4 months.
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4.1.2 Why study the stratigraphic evolution of submarine channel deposits?

Turbidity currents transport sediment from shallow to deep water via submarine channels. As
well as carrying globally important volumes of sediment, these flows transport organic
carbon, oxygenated waters, nutrients and contaminants that accumulate within submarine
channels and downslope at their terminal lobes or submarine fans (Galy et al., 2007; Kao et
al., 2010; Gwiazda et al., 2015; Hughes et al., 2015). The often-powerful nature of turbidity
currents poses a significant hazard to critical seafloor infrastructure (Carter et al., 2014),
which also makes direct monitoring challenging (Inman et al., 1976; Clare et al., 2017). There
is a paucity of direct measurements of turbidity currents (Talling et al., 2015), so one typically
has to make inferences of past flows based upon the deposits (‘turbidites’) that are left behind
(Hubbard et al., 2014; Jobe et al., 2017). Stratigraphic analysis of turbidites from submarine
channels increasingly forms the basis for a wide range of paleo-environment interpretations,
including geohazard assessment (Cattaneo et al., 2012), climatic reconstructions (Nakajima
and Itaki, 2007), extending historical earthquake catalogues (Bernhardt et al., 2015), and to
inform forward stratigraphic modeling for hydrocarbon exploitation (Jobe et al., 2018). Given
this importance, it is thus crucial to understand the architecture and completeness of the
depositional record for submarine channels. Our study shows how time-lapse bathymetric
surveys, allied to sediment cores and monitoring data, can make significant advances in the
genesis of deposit architecture.

4.1.3 Why does stratigraphic completeness matter?

Stratigraphic completeness matters because we need to understand how well deposits can be
used to reconstruct sediment transport fluxes, records of geohazards, and to understand the
accuracy of numerical models. Stratigraphic completeness is defined here as the proportion
of accumulated deposit thickness preserved over a given time period (Sadler, 1981; Strauss
and Sadler, 1989). As time increases, the likelihood for preservation of a sedimentary package
decreases (Strauss and Sadler, 1989; Figure 4.1), due to short-term autogenic phases of
reworking or erosion that follow or intervene phases of deposition, and/or longer-term
allogenic factors such as regional subsidence or sea level fluctuations (Barrell, 1917; Paola et
al., 2018). Detailed studies of stratigraphic completeness have been performed in fluvial
(Reesink et al., 2015; Durkin et al., 2018) and delta-shoreline environments (Straub and
Esposito, 2013), but to date no study has attempted to quantify stratigraphic completeness
using repeat bathymetric surveys for turbidite systems. Thus, our novel study fills an
important knowledge gap and demonstrates the potential for future studies of this type, across
a broader range of offshore sedimentary systems.

4.1.4 Aims
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Our overarching objective is to show how very frequent time-lapse bathymetric surveys can
show (a) how stratigraphic architecture is built, and (b) quantify the incompleteness of that
record. We do this over four months for an offshore delta with submarine channels. To address
this larger objective, we tackle four specific aims.

In this study, we analyse the most detailed time-lapse bathymetric surveys yet of any marine
system, including turbidite or deltaic systems (Table 1.1). We combine this with some of the
most detailed direct flow monitoring yet conducted (Hughes Clarke, 2016; Hage et al., 2018),
and a series of sediment cores (<10 m penetration; Hage et al., 2018; Stacey et al., 2018).
First, we show how the stratigraphic architecture of three submarine channels at Squamish
Delta is built. We explore how this architecture changes from proximal to distal locations
within the channels, and identify how individual stratigraphic elements (i.e. crescentic
bedforms, landslide and lobe deposits) are formed and evolve. Second, we determine the
stratigraphic completeness of deposits in those three channels following >100 turbidity
currents over four months. The results are key for interpreting depositional sequences, or
informing where sediment cores should be taken to reconstruct flow frequencies and delta
history. Third, we seek to understand how stratigraphic completeness of three submarine
channel deposits varies over the surveyed period, exploring whether occasional large events
control the preservation potential of deposits. Finally, we explore how our detailed
observations of stratigraphic evolution at an active submarine delta may relate to other deeper-
water submarine channel systems.
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Figure 4.1: (A) Schematic diagram illustrating the construction of a stratigraphic column from
elevation increments and parameters controlling stratigraphic completeness. Preserved time in
stratigraphy is housed in deposits constructed during positive elevation changes that are not later
eroded. Gaps in the record occur as a result of stasis on the geomorphic surface and erosion (from
Straub and Esposito, 2013). (B) Schematic representation of the algorithm developed to identify the
stratigraphic architecture of submarine channel deposits herein studied. JD117 and JD236 are the
along channel profiles traced for the first and last bathymetric surveys realized over 4-months period
(refer to paragraph 4.3.2 of the main text). Vertical exaggeration: 8x
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4.2 Background: study area and data

The Squamish River carries more than 10° m* of sediment to its delta annually, where much
of that sediment is transported down the submarine prodelta slope by turbidity currents
(Hughes Clarke, 2016). Direct monitoring has revealed that >100 turbidity currents may occur
during the spring and summer freshet each year, when seasonal meltwater increases the river
discharge from ~100 m¥/s in the winter to >500 m?/s, with peaks of up to 1000 m®/s (Hughes
Clarke et al., 2012). This high frequency turbidity current activity has formed three submarine
channels (“northern”, “central” and “southern”; Hughes Clarke et al., 2012; Figure 4.2 Panels
A and D). The channels initiate at or very close to the delta-lip, which is partially sub-aerially
exposed at low tides. At a distance of ~2 km from the delta-lip, these channels widen and
flows become unconfined in water depths of ~150 m (the effective base of the slope; Figure
4.2). Recent monitoring has shown that more than two thirds of turbidity currents in these
channels are triggered by the settling of sediment from a dilute surface river plume (Hizzett
etal., 2018). The other flows are triggered by localised delta-lip collapses (up to 150,000 m?),
which are inferred to result from transient pore pressure changes due to rapid sedimentation
and/or tidal fluctuations (Clare et al., 2016).

Detailed multibeam bathymetric surveys were performed on 93 consecutive week days from
17th April 2011 to 24th August 2011, covering an area from the delta top to a distance of
~3,500 m offshore (Hughes Clarke et al., 2012; Figure 4.2 Panel D). The vertical resolution
of these surveys is ~0.1 m, thus it is possible to resolve relatively small changes in seafloor
relief between successive surveyed days (Hizzett et al., 2018). These surveys capture the
evolution of three highly active submarine channels at an exceptional level of spatial and
temporal detail over four months.
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Figure 4.2: (A) Location of Squamish Delta in Howe Sound, British Columbia. (B) Location of available
sediment cores (red filled circles) from Stacey et al. (2018), ADCP to measure turbidity currents (black
star) from Hughes Clarke et al. (2012) and Hughes Clarke (2016), and location of the survey area (blue
polygon). (C) Sediment cores from the proximal part of the Central Channel from Hage et al. (2018).
(D) In blue extent of area surveyed in 2012 (the focus of this study) annotated with down-channel
(northern, central and southern) and cross-channel (A—H) profiles. Selected profiles are shown as

77



figures in this paper (for parts of the down-channel profiles, and cross-channel profiles A and F). All
across-channels profiles are available as figures in the supplementary material. Animations are also
available for all of the profiles as online videos. (For interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.)

4.3 Methodology

To quantify stratigraphic completeness at the Squamish Prodelta, we generated maps and
profiles from the multibeam bathymetric surveys performed on 93 successive weekdays in
2011. Each daily survey is referred to by the Julian Day (JD) on which it was performed.

4.3.1 Daily difference maps

We quantified how the seafloor elevation changed by generating daily difference maps
between pairs of successive surveys (e.g. JD118 minus JD117, JD119 minus JD118) using
the same approach as Hizzett et al. (2018). Previous work has shown that the seafloor
elevation only changed when a turbidity current or delta-lip failure occurred (Hughes Clarke
et al., 2012; Hizzett et al., 2018). In these daily difference maps, negative values represent
loss (erosion) and positive values represent sediment accumulation (aggradation). Seafloor
changes were detected at the pixel scale, which has a horizontal resolution of 2 m x 2 m and
vertical resolution of approximately 0.1 m (Hughes Clarke et al., 2012; Hizzett et al., 2018).
An illustration of how the seafloor level changed with time within the channel axes is
presented in the supplementary material, Figure S1.

4.3.2 Reconstruction of stratigraphic architecture

We calculated the evolution of stratigraphic architecture along eight cross-channel (i.e. along-
strike) and three down-channel (i.e. axis-parallel) profiles (Figure 4.2 Panel D). To do this,
we developed an algorithm to build the stratigraphy for each surveyed day along each of those
profiles. We extracted the bathymetric elevation along each of those profiles for each
successive daily survey. Where a point along a profile is higher than it was in the preceding
survey (i.e. aggradation occurred), a stratigraphic horizon was created. However, when a point
along a profile was lower than it was in the preceding survey (i.e. erosion occurred), the
stratigraphy at that point was removed. Each iteration of the algorithm draws all the
stratigraphic surfaces traced from the first bathymetric survey until the day that is being
processed, accounting for effects of both aggradation and erosion (Figure 4.1 Panel B).

Three down-channel (Figure 4.5-Figure 4.7) and two across-channel profiles (Figure 4.8 and
Figure 4.9) are presented; however, the remaining six along-strike profiles are presented in
the supplementary material (Figure S2-7), as well as accompanying time-lapse movies that
visualise the stratigraphic evolution (Movies S1-18).
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4.3.3 Total difference map

The total difference map (Figure 4.3A) shows the net thickness of sediments accumulated or
eroded over the total surveyed timescale (i.e. JD236 minus JD117). As with the daily
difference maps, positive values show where the elevation of the final bathymetric area is
higher than the elevation at the start of the survey and indicates net sediment accumulation
over the surveyed period. Negative values occur in areas where the final seafloor elevation
was lower than at the start.

4.3.4 Cumulative aggradation map

Turbidity currents deposit, as well as rework sediments emplaced by previous flows; hence,
the seafloor may either aggrade or erode at different locations. To create the cumulative
aggradation map (Figure 4.3 Panel B), first, we generated the daily difference bathymetric
maps. Second, we removed the effect of erosion from each of these daily difference maps by
excluding any negative values. In doing so, we only account for the thickness of sediment that
would have been deposited at each pixel, had erosion not occurred in the same time period.
These positive-value-only difference maps were summed in order to generate the cumulative
aggradation map.

Confidence in the multibeam data is lower at the edges of the surveyed areas, where there is
no overlap between adjacent swath lines. As a result, the cumulative aggradation map shows
artificially higher values at the outer fringes of the survey data. These areas are well outside
of the channels, however, and therefore do not affect our analysis.

4.3.5 Stratigraphic completeness map

The stratigraphic completeness map (Figure 4.3 Panel C) records the ratio between the actual
deposit thickness determined over the surveyed period (i.e. the cumulative elevation
difference as shown in Figure 4.3 Panel A) and the total thickness of sediments accumulated
over the same time (i.e. the cumulative aggradation of sediments shown in Figure 4.3 Panel
B). A value of 1 means that 100% of the sediment deposited at a pixel scale was recorded at
the end of the surveyed period. A zero value means that none of the deposited sediment was
preserved. The vertical resolution of the multibeam data means that small elevation changes
may not be accurately recorded, which can affect our calculations. We determined error ranges
following the approach outlined in Hizzett et al. (2018). They determined that during ten days
that lacked any turbidity current activity (i.e. when the seafloor was stationary), the
distribution of difference map offset values is normally distributed with a mean offset of 4 cm
and a standard deviation of 23 cm. In order to model the potential propagated error in our
calculations, we added a random value within the range +/-4 cm to each pixel of each daily
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difference map, and each cumulative daily aggradation map. We then recalculated the
stratigraphic completeness map from that series of modified maps, and repeat the process a
further 99 times. This allows us to understand how confidently we can measure stratigraphic
completeness. Based on these calculations, the range in this propagated error for stratigraphic
completeness was found to be normally distributed, with a mean of 0.05% and standard
deviation of 3%.

4.4 Results

First, we show how stratigraphy is built by submarine flows using 93 time-lapse surveys. We
include a brief summary of lithofacies from sediment cores and information from direct
monitoring to understand flow types and behaviour (Figure 4.10). We then document how the
stratigraphic completeness of the channels and delta front sequences evolves through time.

4.4.1 How does the stratigraphic architecture evolve and what elements are involved?

Through the analysis of the daily difference maps and the animations of stratigraphic
evolution along 11 profiles (annotated on Figure 4.2 Panel D, and presented as supplementary
movies S1-S18), we identify five distinct stratigraphic elements that make up the stratigraphic
architecture developed over the surveyed period. We now discuss these elements in turn.

4.4.1.1 Crescentic bedforms

The most common differences observed from repeat surveys were up-slope migrating
bedforms with a crescentic planform (Figure 4.2; Hughes Clarke, 2016; Hage et al., 2018).
These bedforms are up to 7 m high with a wavelength of tens of metres (i.e. of equivalent
scale to the small-scale bedforms of Symons et al., 2016), and occur along the axial length of
all three of the submarine channels and also on the terminal lobes (Figure 4.2 Panel D).
Thalweg-parallel profiles clearly image erosion on the steep lee sides and deposition on lower
angle stoss-sides, which explains their upstream migration (Figure 4.6). The upstream
migration of bedforms results in the partial, and sometimes entire, reworking of deposits
emplaced by previous flows, as an individual bedform trough can migrate a full wavelength
in as short a period as two days. This reworking creates a complex final stratigraphy along the
channel axis, with a combination of truncated low angle-backsets, bedform remnants and
foresets (Figure 4.5-Figure 4.7). The crescentic bedforms in the channel axes comprise
massive sands that infill complex scours (Hage et al., 2018). The sand is largely ungraded to
poorly graded and structureless. Bed thicknesses vary from 1 to 2 m and contacts between
layers are sharp and erosive (Figure 4.10; Hage et al., 2018). Monitoring using multibeam
sonars and acoustic Doppler current profilers show that these bedforms are created by
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supercritical turbidity currents (1-3 m/s) that undergo repeated hydraulic jumps (Hughes
Clarke, 2016; Hage et al., 2018). Flow acceleration on the lee-sides generally causes erosion,
whereas deceleration on the stoss-side promotes deposition (Hughes Clarke, 2016; Hage et
al., 2018).

4.4.1.2 Delta-lip collapse deposits

Five large (up to 150,000 m?) delta-lip collapses occurred during the surveyed period (Hughes
Clarke et al., 2012). The bulk of the run-out from these slope failures is generally limited to
the upper and middle sections of the submarine channels, where a considerable thickness of
sediment is emplaced en-masse (Figure 4.5). The largest delta-lip collapse occurred at the
head of the northern channel a few hours after a peak in river discharge (JD180-182), and
dramatically changed the channel morphology by plugging its upper reach with ~5 m of
sediments (Figure 4.3 Panel A and Figure 4.5) (Hughes Clarke et al., 2012). This event
effectively filled the proximal part of the channel and triggered a partial avulsion; forming a
small splay to the south (Figure 4.3 Panel A). Within a few days, however, the northern
channel adopted a new axis, offset by ~50 m to the south of the original, incising into the
delta-lip collapse deposits (Figure 4.8). The thalweg-parallel profile in the upper part of the
northern channel also reveals that the delta-lip collapse locally ‘smoothed out’ the stepped
seafloor texture formed by the upstream-migration of bedforms by emplacing a sediment
drape (~5 m) (Figure 4.5— middle panel). In the days following this event, upstream-migrating
bedforms were more elongate and less regular, but ultimately resumed their original
morphology and dimensions within a few tens of days (Figure 4.5- lower panel; Movie S1-3
of supplementary material). While not cored here, their deposits likely comprise coarse delta-
derived massive or convoluted sand with an erosional base, based on granular slope failures
in delta and estuarine settings (van den Berg et al., 2017).

4.4.1.3 Steep-faced channel-lobe-transition scour zones

Two major erosional events, which created scour zones, are clearly observed along the profile
that orthogonally transects the southern channel at its transition from the channel to the
terminal lobe (Figure 4.9). The first occurred on JD180, when the channel base level dropped
by ~5 m. In the following days, 2 m of progressive sediment infill occurred, until JD203 when
the axis of the channel vertically incises a further ~4 m. These two short-lived but significant
incisional events ensure that the channel-lobe transition zone of the southern channel is an
area of net erosion. Thalweg-parallel profiles reveal that these abrupt and steep-faced
erosional features migrated upstream ~50-100 m in one day (Figure 4.7— bottom panel). No
cores have been acquired in these features to date.
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Figure 4.3: (A) The Cumulative Elevation Difference Map accounts for the total thickness of sediments
at each pixel location at the Squamish prodelta area. Herein, areas with positive values feature
deposition, while negative values are related to areas affected by erosion. The Cumulative Aggradation
Map (B) shows the aggradation of sediments at each pixel location along the surveyed area. This map
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does not display the effect of erosion; negative values have, thus, been removed. Artificial over
estimation of aggradation is observed at the edges of the surveyed area as a result of non-overlapping
swaths of multibeam data. (C) The Stratigraphic Completeness Map shows how complete is the
stratigraphic record left behind by multiple turbidity current events. Inset histogram shows the range
of error (the bathymetric survey was only realized during weekly day and some days are thus missing,
as shown by the white areas of B and C).

4.4.1.4 Channel margins

In addition to the abrupt lateral offset of channel axes in response to delta-lip collapses (Figure
4.5), we also observe lateral migration that does not appear to respond to the emplacement of
an obstacle. Two pronounced episodes of lateral axis shifting affected the southern channel
during the surveyed period. The first migration occurred between JD158 and JD175 when the
channel axis shifted ~3 m southwards. The second occurred between JD188 and JD189 when
the channel axis shifted ~3 m northwards. It remains in this position until the end of the survey
(Figure 4.8). Accretion packages formed on the inner side of the channel composed of
multiple 0.1-1.5 m-thick beds are dominated by a mixture of coarse- and fine-grained sand at
their base with finer grained, less amalgamated beds towards the top (Figure 4.10; Hage et al.,
2018).

4.4.1.5 Draped interfluves

Across-slope profiles reveal a steady but low rate of aggradation on the interfluves (Figure
4.8-Figure 4.9; see supplementary movies S11-S18). Proximal areas feature ~1.5 m of
aggradation over the survey period, whereas in distal areas up to 5 m aggradation occurs
(Figure 4.8-Figure 4.9). Deposits comprise thick silty mud beds interbedded with very thin
layers of sand (Figure 4.10). Plane-parallel to wavy and sub-parallel laminations are often
present, ranging from 1 mm to 1 cm (Hage et al., 2018). The level of daily aggradation on the
interfluves is often at, or very close to, the vertical resolution of the multibeam (i.e. <0.1-0.2
m), hence confident identification of internal architecture is not always possible. For this
reason, it is also likely that the algorithm we use to build the stratigraphy may overestimate
the amount of erosion in these areas of low aggradation outside of the submarine channels and
lobes. Thus, we primarily focus our attention on understanding the stratigraphic completeness
within and immediately adjacent to the channels and lobes, rather than the interfluves.

4.4.2 What is the stratigraphic completeness, and how does that vary spatially?

Over the 4-months study period, the median stratigraphic completeness of the area including
the three submarine channels is 11% (mean of 13%; Figure 4.3). However, there is a large
degree of spatial variability, related to the various stratigraphic elements (Figure 4.3-Figure
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4.4). The three submarine channels also show slightly different patterns of stratigraphic
completeness. The extent of areas featuring no preservation of deposits accounts for 4.4% of
the total surveyed area (2.6 x 106 m?).

Northern Channel: The northern channel features the highest stratigraphic completeness
proximally, ranging from 35% to 60% (Figure 4.3 Panel C). These relatively high values are
coincident with the run-out extent of major delta-lip failures, which appear to be better
preserved compared to the ‘background’ deposition from repeated turbidity currents. While
post-emplacement reworking occurred, much of the delta lip-collapse deposits remain at the
end of the survey period.

Central Channel: Since there was no delta-lip failure within the central channel, the overall
stratigraphic completeness recorded is much lower than the northern channel. The highest
value within the channel is in its medial to distal segments (20-50%; Figure 4.3C), while much
of its proximal reach was completely eroded (i.e. 0%; Figure 4.3 Panel C).

Southern Channel: In the southern channel, the stratigraphic completeness varies between
0% and ~25%. However, at the lobes it reaches values of 40%, and can be as low as zero due
to localised erosion on the lee-side of upstream-migrating bedforms (Figure 4.7— bottom
panel). In particular, the areas of greatest erosion occur at an outer channel bend and the
channel-lobe transition zone, which both yield no stratigraphic record. In these areas, the
channel base level was lower at the end of the surveyed period than at the start (Figure
4.3Panel C).

4.4.3 How does stratigraphic completeness vary through time?

The evolution of stratigraphic completeness is demonstrated through time, by presenting an
averaged (mean) value for 500 m-long sequential sections along the thalweg-parallel profiles
(Figure 4.4). Following the first pair of daily surveys, stratigraphic completeness quickly
drops and assumes values that closely straddle the survey-wide median of 11%, primarily due
to the repeated deposition and reworking during upstream-migration of crescentic bedforms.
This apparent equilibrium is disrupted on JD181, however; one day after the first significant
river flood peak of the freshet (~900 m>/s on JD180). In the northern channel, a rapid increase
in stratigraphic completeness is documented in the upper 1000 m along its course (up to two
times greater in the upper 500 m), which corresponds to the emplacement of the largest delta-
lip collapse deposit (150,000 m?) observed in the surveyed period. The central channel shows
an increase in stratigraphic completeness between 500 and 1000 m along its course, due to
mostly depositional events occurring between JD155 and JD182. At the same time in the
southern channel, there is a sudden drop in completeness (mean of 0% between 900 and 1000
m and between 2000 and ~ 2300 m down-channel) when channel-filling deposits are flushed
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down-channel. This decrease in stratigraphic completeness is coincident with the most
pronounced period of channel axis incision (Figure 4.9). After that point, the stratigraphic
completeness appears to more-or-less plateau and reaches a steady state (Figure 4.4).

4.5 Discussion

While the proximal channelized part of the fjord-delta (the focus of our study) features ~100
turbidity currents per year, much larger, but rarer, events are known from sediment cores in
the distal parts of the fjord (Stacey et al., 2018) (Figure 4.10). Flows that run ~10-15 km
further downslope, to the distal fjord basin, have a recurrence of ~100 years and are not
included in our analysis. We must therefore recognise that our study is limited to observing
the relatively short-term stratigraphic evolution of the proximal channels and lobes, and the
stratigraphy over longer timescales is likely to be even less complete than our data indicate.

4.5.1 Up-stream migrating bedforms ensure low stratigraphic completeness within
submarine channels

The most common sediment transport process at Squamish submarine delta is by Froude-
supercritical turbidity currents, which create upstream-migrating bedforms. These flows
account for the lee-side erosion and stoss-side deposition observed in the time-lapse
stratigraphic evolution animations (Movies S1-S10), and have been directly monitored by
Hughes Clarke (2016). Sequential trains of these upstream-migrating bedforms, interpreted to
be formed by a cyclic step instability in the turbidity current, are the dominant feature in many
proximal, sandy submarine channels on steep slopes worldwide (Kostic et al., 2010; Symons
et al., 2016; Casalbore et al., 2016; Covault et al., 2017; Hage et al., 2018). Upstream-
migrating bedforms occur along all reaches of the submarine channels at Squamish, from their
mouths to the terminal lobe. By analyzing a small section (over five bedform wavelengths) of
the proximal part of the central channel, Hage et al. (2018) showed how deposits of these
bedforms may initially be preserved as low-angle back-stepping beds, but that progressive
reworking by successive flows may only preserve remnants of the basal scour-fill (Lang et
al., 2017; Ono and Bjorkland, 2017). Low-angle backsets appear to be preserved locally along
the three channel axes, from proximal to distal. (Figure 4.5-Figure 4.7). A further trace of this
intense reworking it is also represented by erosional surfaces visible as possible foresets along
the channel lobe transition zone of the southern channel (Figure 4.7).
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The progressive reworking of previously deposited sediments by successive flows explains
the relatively low stratigraphic completeness (Figure 4.5-Figure 4.8) of all the three channels
axes. Only ~10% of deposit thickness (typically the lowermost scour-fill) is preserved on
average due to subsequent reworking. In cases where bedforms migrate upstream faster than
the aggradation rate, deposits are entirely obliterated from the stratigraphic record. This is
particularly pronounced in the upper reaches of the southern channel that seems to be
deepening its course. Stratigraphic completeness is generally much higher at the terminal
lobes of all three channels, where flows expand and decelerate (and hence the potential for
erosion is lower; Kostic and Parker, 2006). Despite lobe deposits are relatively well preserved,
the maximum observed lobe stratigraphic completeness is still only 40%. Therefore, the often-
held assumption that lobes provide a near-complete stratigraphic record of long run-out flows
may not always hold (Jobe et al., 2018).

4.5.2 Landslide deposits that modify channel morphology are disproportionately well
preserved, but may still be extensively reworked over longer timescales

The highest stratigraphic completeness within the channels corresponds to areas with the
highest aggradation. In the most extreme case, the high aggradation within channels relates to
en-masse emplacement of 150,000 m® of sediments following a delta-lip collapse event on
JD180 at the head of the northern channel (and not a cyclic step process) (Figure 4.5). This
sudden deposition of sediment fundamentally changed channel morphodynamics by
‘smoothing out’ the relief of crescentic bedforms and effectively plugging the channel, and
triggering a partial avulsion (Figure 4.3 Panel A). Similar observations of subaqueous
landslides modifying channel morphology and turbidity currents pathways have been made in
deep-sea (Armitage et al., 2009; Brooks et al., 2017) and lacustrine settings (Corella et al.,
2016). The stratigraphic completeness in the proximal part of the northern channel is
anomalously high compared with the other channels. This high completeness corresponds to
the run-out extent of the JD180 delta-lip failure; hence, it appears that slope failures, for which
the majority of their volume is not transformed into a turbidity current (i.e. a landslide), are
preserved in the depositional record (at least over the surveyed timescale). However, at least
64% of the landslide mass was subsequently reworked by repeated turbidity currents, which
ultimately incised a new channel axis into its deposits (Figure 4.8). This is similar to
observations from other repeat surveys, such as in Monterey Canyon, California, where 80%
of an emplaced landslide volume was removed by turbidity currents over less than two years
(Smith et al., 2007). Biscara et al. (2012) suggested that the entirety of a landslide deposit may
be reworked by frequent turbidity currents, based on repeat surveys at the Ogooué Delta,
Gabon. Reconstruction of landslide frequency and volume in submarine channels may
therefore be challenging when analyzing outcrops, seismic data and sediment cores and
significant post- emplacement reworking has occurred.
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Figure 4.5: Down channel profiles of the proximal to medial area of the northern channel generated
from the start JD117 (upper panel) to the end of the survey JD236 (bottom panel). The upper panel
shows the seafloor at the start of the survey until JD138. The central panel displays the stacking pattern
of channel deposits from JD117 to JD182. This includes the major delta-lip failure event occurring
between JD181 and JD182 in response to a pick in the river discharge. The bottom panel shows the final
stratigraphic architecture of those deposits resulting from >100 turbidity currents events that occurred
during 4 months’ survey period. Geomorphic surfaces are here represented with single lines color-
coded by Julian Day (refer to Figure 4.2D for the location of the profile and see animated video Movie
S1 to Movie S3 in the supplementary material) (vertical exaggeration: 7x).
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Figure 4.7: Along channel profiles at the channel lobe transition zone of the southern channel (see
Figure 4.2D for their location). The upper panel shows the stratigraphic architecture of submarine
channel deposits from the start of the survey JD117 until JD175. The central panel shows the evolution
of those bedforms to much more defined features with foreset on the lee-side and more gentle backsets
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deposits; herein, sediments are often thinner on the lee-side of crescentic bedforms rather than eroded
(vertical exaggeration: 8x).
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4.5.3 The most incomplete records result from short-lived and infrequent erosive events

Two short-lived erosional events were responsible for not only the removal of deposits
accumulated at the channel-lobe transition of the southern channel during 2011, but also
incision into deposits from previous years (Figure 4.9). Up to 5 m of vertical erosion occurred,
with 200 m of retrogression, which is clearly shown by a sudden drop in the averaged
stratigraphic completeness in the southern channel (between 1,001 and 1,500 m down-channel
of Figure 4.4) on JD181 (Figure 4.3). At several time-steps, these features resemble steep-
fronted erosional steps in rivers known as knickpoints that may be triggered by changes in the
base level (Crosby and Whipple, 2006; Gales et al., 2018) (video S9 and S10). These scours
may form in a similar manner, as progradation of the lobe could have a similar effect to the
base level change in a river. If the southern channel extends seaward, for instance, then the
present day channel lobe-transition zone may become a site of backfilling, or back stepping
and deposition, while the focus of erosion will advance down-slope (Hamilton et al., 2013).

4.5.3.1 Why is stratigraphic completeness so low at the channel-lobe transition?

Stratigraphic completeness at this channel-lobe transition is zero, and may be explained by
the strengthening of the erosional capacity that the most powerful flows have at the exit of
channel confinement (Kostic and Parker, 2006; Covault et al., 2017; Dorrell et al., 2016).
Mega-scours have been observed at similar transitional points at several sites in the deep sea
(Wynn et al., 2002); hence such areas should be expected to have very low stratigraphic
completeness (Mutti and Normark, 1987; Macdonald et al., 2011). These two major incisional
events were also coincident with flushing of much of the previously accumulated sediment
from the upper reaches of the southern channel, and the lateral erosion at the outer channel
bend. Such channel-incising events represent ~2% of the total number of events occurring
during the surveyed period, compared to ~98% that fill the channel, but appear to be strong
controls on stratigraphic completeness. These events have the potential to remove significant
thicknesses of sediment, and thus erase several years of sediment accumulation in locations
such as the channel lobe transition zone (Conway et al., 2012). The location of the channel
lobe transition zone may change over time as the channel evolves through developing slope
breaks that can migrate up or down-stream and will consequently influence successive flows
(Figure 4.9). Such events are perhaps more important for sculpting the geometry of channels
and dictating what will ultimately be preserved over geologic timescales, than the more
frequent flows that form upstream-migrating bedforms.
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4.5.3.2 Do the powerful erosive events relate to an exceptional trigger?

It has been suggested that powerful triggers are required for channel-incising events, such as
major earthquakes, extreme river floods or sea level change (Canals et al., 2006; Piper and
Normark, 2009). The timing of the first channel-incising event is closely associated with the
first major river flood discharge peak of the year, hence a sudden seaward flushing of delta-
top sediments may be responsible (Clare et al., 2016); however, the specific cause for the
second is unclear. It is plausible that once sufficient sediment had accumulated within the
upper reaches of the channel, a ‘normal’ turbidity current was able to bulk up through
entrainment of freshly deposited sediment, and ‘ignite’, without needing an exceptional
trigger (Pantin, 1979; Parker, 1982; Hizzett et al., 2018).

4.5.4 How do our findings relate to other systems worldwide?

It is important to understand the wider implications of our results at Squamish Delta for
interpreting submarine channel deposit geometries and completeness more generally.
Currently, there are no comparably detailed time-lapse bathymetric datasets available,
however. This makes it impossible to make direct comparisons to similar data from other sites.
We thus first discuss whether the morphological features seen at Squamish Delta (e.g.
crescentic bedforms) are found in other proximal sandy submarine or sub-lacustrine channels.
If they are, then results from Squamish Delta can form part of more general models. We then
discuss morphologies of muddier submarine channel systems.

4.5.4.1 Implications for other sandy submarine channels

Similar scale upstream-migrating bedforms have been observed from repeat seafloor surveys
of sandy proximal submarine channels in lakes (Fricke et al., 2015), estuarine settings
(Normandeau et al., 2014), submarine deltas (Conway et al., 2012; Casalbore et al., 2017),
deep-sea canyons (Smith et al., 2005, 2007; Paull et al., 2018) and volcanic islands (Chiocci
etal., 2013; Casalbore et al., 2014; Clare et al., 2018). The repetition of erosion and deposition
that occurs during the upstream-migration of these crescentic bedforms ensures that the
stratigraphic completeness of the submarine channel deposits will be low in these highly
active and bypass-dominated settings. Such sandy-floored channels may therefore be
relatively poor for reconstructing event-histories (particularly where aggradation rates are
low), and can render core-to- core correlation impossible, even within distances of a few tens
of metres (Hage et al., 2018).
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4.5.4.2 Implications for larger muddy submarine channels

Similar scale upstream-migrating bedforms do not appear to typify larger mud-dominated
systems. However, longer wavelength (c. 500 m) bedforms (equivalent to the ‘large-scale’
bedforms of Symons et al., 2016) that are inferred to have migrated upstream have been
observed in sites such as the deep-sea Amazon Fan (Normark et al., 2002). As the resolution
of bathymetric data is a function of water depth, it is possible that this has precluded
identification of bedforms in most deep-water sites (Symons et al., 2016). Thus, it is unclear
as to precisely how well our findings may relate to the world’s largest muddy submarine
channels (e.g. Amazon, Indus and Congo).

Recent direct monitoring of turbidity currents in the upper reaches of the offshore Congo
Canyon, demonstrated that sub-annually recurring turbidity currents are capable of eroding
seafloor sediment, which is then transported further down-canyon (Azpiroz-Zabala et al.,
2017). Comparison of this flow monitoring data with sediments acquired from seafloor coring
indicated that the depositional record under-represents the frequency of turbidity currents by
at least an order of magnitude in the axis of the muddy Congo Canyon. In similarly-active
muddy systems, stratigraphic completeness is thus unlikely to be high in the channel axis, but
how this varies across and down the system is also unclear. Until high-resolution time-lapse
data are available, we hypothesize that accumulation of mud may shield underlying deposits
from subsequent erosion, and that areas of low stratigraphic completeness may be less
extensive in muddy systems. This may promote a higher stratigraphic completeness than that
observed in proximal sandy settings, such as at Squamish Delta. This current uncertainty
underlines the need for more repeat seafloor surveys in a wider range of active settings in
order to better constrain the relative controls played by substrate, system scale and aggradation
rate on stratigraphic completeness.

4.6 Conclusions

We report one of the most detailed time-lapse studies of any turbidity current system. Through
combining flow monitoring, repeat bathymetric surveys and core sampling, we revealed how
three active submarine channels build stratigraphic architecture. In this setting, the effects of
upstream-migrating bedforms ensure that stratigraphic completeness is generally low (even
in the terminal lobes of the system), because of the competing effects of deposition and
erosion. Other less-frequent events, such as delta- lip collapses and incision at the down-slope
transition to the lobe, can exert a more profound influence on what is recorded in the
depositional record (or not). Short lived, more powerful and infrequent events can exert varied
effects: delta-lip collapses may be largely preserved, while canyon-flushing flows may remove
significant thicknesses of sediment. These insights into the stratigraphic completeness of
active submarine channels demonstrate that one should expect a high degree of
incompleteness in similar systems. Frequency of flows, aggradation rate and the extent of
variation in magnitude of events all play important roles and dictate exactly how incomplete

96



the ultimate geological record will be. Perhaps most importantly, we have demonstrated how
repeat surveys can be used to monitor the stratigraphic evolution of submarine systems. The
emergence of autonomous survey platforms now enables multiple repeat, high resolution
surveys, requiring limited human effort, and opens up exciting new opportunities to
understand how a much wider range of offshore systems evolve and provide calibration for
numerical models.
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Figures presented as a supplement to the published paper
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Figure S1: Seafloor elevation changes through time, taken at 100 m interval along single points of the thalweg
for each of the three channels at the Squamish prodelta
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Animated videos presented in the online material as follows:

Animated videos MS1 to MS18 presented in the online material and available at this link
https://doi.org/10.1016/j.epsl.2019.03.033

e Movie S1_NorthernChannel.avi — Time-lapse animation of stratigraphic evolution of
the Northern Channel

e Movie S2 NorthChannelProximal.avi — Time-lapse animation of stratigraphic
evolution of proximal to medial parts of Northern Channel

¢ Movie S3 NorthChannelDistal.avi — Time-lapse animation of stratigraphic evolution
of medial to distal parts of Northern Channel

e Movie S4 CentralChannel.avi—Time-lapse animation of stratigraphic evolution of the
Central Channel

e Movie S5 CentralChannelProximal.avi — Time-lapse animation of stratigraphic
evolution of proximal to medial parts of Central Channel

e Movie S6 CentralChannelDistal.avi — Time-lapse animation of stratigraphic
evolution of medial to distal parts of Central Channel

e Movie S7_SouthChannel.avi — Time-lapse animation of stratigraphic evolution of the
Southern Channel

e Movie S8 SouthChannelProximal.avi — Time-lapse animation of stratigraphic
evolution of proximal to medial parts of Southern Channel

e Movie S9 SouthChannel LTZ.avi— Time-lapse animation of stratigraphic evolution
of the channel lobe transition zone of Southern Channel

e Movie S10 SouthChannel LTZ Zoom - Time-lapse animation of stratigraphic
evolution of the channel lobe transition zone of Southern Channel — zoom in

e Movie S11_A.avi- Time-lapse animation of stratigraphic evolution of across-profile
A

e Movie S12 B.avi- Time-lapse animation of stratigraphic evolution of across-profile
B

e Movie S13_C.avi- Time-lapse animation of stratigraphic evolution of across-profile
C

e Movie S14 D.avi- Time-lapse animation of stratigraphic evolution of across-profile
D

e Movie S15_E.avi- Time-lapse animation of stratigraphic evolution of across-profile E
e Movie S16 F.avi- Time-lapse animation of stratigraphic evolution of across-profile F

e Movie S17 G.avi- Time-lapse animation of stratigraphic evolution of across-profile
G

e Movie S18 H.avi- Time-lapse animation of stratigraphic evolution of across-profile
H
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Chapter 5

Conclusions

5.1 Revisiting the thesis aims

The overarching aim of this thesis was to better understand how the velocity structure of
turbidity currents varies across different scales and how this is reflected in nature in terms
of their deposits and the shapes that they leave on the sea floor. To fulfill this objective, I have
used observations of turbidity currents in action from multiple systems worldwide, bedforms
across extensive reaches of submarine canyons offshore East Africa, and from observing how
repeated turbidity currents build and modify stratigraphy at the active Squamish submarine
delta, British Columbia. The findings presented in this thesis provide new insights into
turbidity currents and I conclude that while turbidity current flow behaviour, and the bedforms
that these flows create, appear to occur along a continuum, the deposits that they leave behind
may disproportionately preserve the evidence of the largest, least frequent events.

In this thesis, I have documented the highly variable nature of turbidity currents, as revealed
by direct monitoring from multiple sites worldwide (Chapter 2), that is manifested on the
seafloor as dune-scale bedforms to large erosional scours in Mozambique (Chapter 3), and
how the dynamic interplay of depositional and erosion in highly active systems such as the
Squamish delta can both build and wipe out their stratigraphic record (Chapter 4). These
various studies demonstrate that there appears to be a general continuity in turbidity current
behaviour, as revealed by collation of global monitoring datasets (Chapter 2) and the
identification of a previously ‘missing’ medium-scale of bedforms detected along the
continental slope offshore East Africa (Chapter 3). The various types of flow on that
continuum likely explain the variations we see in stratigraphic completeness at the Squamish
Delta, where the highest velocity flows, that are capable of transporting sand, are presumably
most responsible for the erosion (and thus low stratigraphic completeness) within the axes of
the submarine channels and forming the deepest scours.

5.2 Answering the initial science questions

5.2.1 Is there a continuum in the velocity structure of turbidity currents, and what
controls that behaviour? (Chapter 2)

The number of turbidity current monitoring studies has grown rapidly over the past decade
and Chapter 2 provides a step-forward in investigating key similarities and differences
between a compilation of direct flow measurements. The analysis of the temporal evolution
of the maximum velocity of turbidity currents observed at different sites worldwide reveals
two end-member flow states. The analysis shows that the events either feature a rapid peak in
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velocity followed by an exponential decay or, flows continue at a plateau-like, near constant
velocity that can last for days. In Chapter 2, it is suggested that rather than triggers or system
input type, flow structure is primarily governed by the grain size of the sediment that is
available for incorporation into the flow.

Future research: Whether the data gathered to date captures the full diversity of turbidity
currents worldwide remains an open question, however; thus providing the motivation to
ensure under-represented systems (e.g. muddy and carbonate-dominate systems) are
monitored in future studies. Deployment of ADCP moorings in systems such as those in
carbonate-dominated margins, such as canyons in the Bahama Banks would determine how
active the submarine canyons are, and whether the flows behave in a similar manner to those
observed in Chapter 2.

5.2.2 Is there a continuum in the dimensions of bedforms created on the seafloor by
turbidity current, and what are we currently missing from deep-sea surveys? (Chapter
3)

Previously it was thought that flow modes were bimodal, because observations of turbidity
current bedforms fell into two main dimensional classes. In that model small-scale bedforms
were thought to be restricted to confined settings, while large-scale sediment waves occur in
unconfined settings, and no intermediate size class exists. Chapter 3 presented a new
morphometric analysis of bedforms dimensions using high resolution AUV bathymetry across
two large submarine canyons that demonstrates a previously-unrecognised continuum
between small, crescentic bedforms and large-scale sediment waves. The newly observed
medium-scale bedforms relate to a type that is either transitional between small crescentic
bedforms and large-scale sediment waves or are a steep stepped-form, known as a knickpoints
that is increasingly observed in many other canyons and channels worldwide. Bedform
dimensions can vary independently of water depth, but the identification of the smallest scale
bedforms is hampered in increasing water depths.

Future research: High-resolution AUV surveys provide the means to fill fundamental gaps
in our understanding of how canyons and channels are built and maintained, and to better
constrain the nature of particulate transport into the deep sea. Future channel-scale surveys
will allow us to investigate whether the intermediate scale of bedforms exists in other sites,
and how common small-scale bedforms are in deep-water settings worldwide. Major
submarine channel systems, such as the Amazon Channel remain un-surveyed in detail and
this exposes a major gap in our understanding of deep-sea sediment transport that could be
filled with such surveys.

5.2.3 How do turbidity currents build stratigraphy and how faithfully does that
stratigraphy preserve a record of past flow behaviour? (Chapter 4)
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Through combining flow monitoring, repeat bathymetric surveys and core sampling, Chapter
4 demonstrated that the completeness of the depositional record can be compromised by the
effects of erosion by recurrent turbidity currents. In an extremely active systems such as the
Squamish Delta, the analysis of repeat bathymetric surveys shows how erosion during the
upstream-migration of bedforms ensure that stratigraphic continuity of the depositional record
is generally low (even in the terminal lobes of the system). Less-frequent events, such as delta-
lip collapses and incision at the down-slope transition to the lobe, exert a more profound
influence on what is recorded in the depositional record; often removing the evidence of
numerous smaller flows. Short-lived, more powerful and infrequent events can strongly affect
the completeness of the depositional records. Delta-lip collapses are generally well preserved,
while canyon-flushing flows can remove several metres of the previously formed stratigraphy.
These insights into the stratigraphic completeness of active submarine channels demonstrate
that one should expect a high degree of incompleteness in similar systems. Frequency of
flows, aggradation rate and the extent of variation in magnitude of events all play important
roles and dictate exactly how incomplete the ultimate geological record will be.

Future research: This is the first such study of stratigraphic completeness using repeated
seafloor surveys in submarine channels. Similar studies should be performed in other systems
to understand how grain size, flow type, system scale and other variables affect stratigraphic
completeness and how it varies over different timescales. It is unclear how well our results
from this sandy and relatively small-scale system will apply to muddy and large-scale
systems, such as the Congo Canyon. Future repeat seafloor surveys, coupled with sediment
cores will enable a similar analysis and test the hypotheses outlined in Chapter 4.

5.3 Broader implications

The outcomes of this thesis have broad relevance to a number of studies, such as
understanding the nature of carbon and pollutant transport and the efficiency of their burial
(e.g. Galy et al., 2007; Hage et al., 2020), but perhaps the most relevant application is in
relation to geohazard assessment. Geohazard assessments for seafloor infrastructure such as
telecommunications cables and pipelines requires an understanding of the frequency,
magnitude (e.g. extent, velocity) and nature of turbidity currents (Bruschi et al., 2006). This
thesis provides new insights into the global variability in flow velocity and duration, in
particular in Chapter 2 identifying the physical controls on flow behaviour (i.e. grain size and
slope gradient), which can now be used to inform pipeline and cable routes (e.g. avoid steep
slopes and systems with coarse grain sizes, or design pipelines to withstand prolonged, low
velocity impacts in muddy low relief systems). Determining the nature of larger turbidity
currents (i.e. larger than those recorded during relatively short monitoring windows) also
requires consideration in such hazard assessments. The nature of past flows can be inferred
from bedform morphometrics, but as shown in Chapter 3 this may require high-resolution
(e.g. AUV) bathymetric datasets. This new contribution shows how certain types of bedform
(and hence types of flow that formed them) may be missing from bathymetric datasets that
were acquired in deep water from vessel-mounted systems. An important message to take
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from this study is the value of such high resolution datasets to better understand the variability
of turbidity current activity. To assess the likely frequency of turbidity currents, geohazard
assessments often analyse sediment cores, using age dating techniques to determine the
emplacement time of event deposits (e.g. Goldfinger et al., 2007; Hunt et al., 2013). However,
if successive flows erode sediment, this will affect the completeness of these sedimentary
records. It is therefore important to assess whether certain events are better recorded than
others, and which settings are better recorders of past geohazard activity. Chapter 4 provides
the first attempt anywhere to do this in an active turbidity current system, concluding that
many parts of the submarine channel systems on the Squamish delta feature very poorly
preserved stratigraphy and are thus unsuitable for reconstruction of past event frequency and
magnitude. However, large landslide events are better preserved, and guidance for future
sampling is provided (e.g. levees and distal lobe provide the greatest stratigraphic
completeness).
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