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Abstract

Underwater sediment density ows, including turbidity currents, are capable of trans-
porting vast amounts of sediment, nutrients and pollutants to the deep-sea. These
ows can be powerful, causing damage to sea oor infrastructure. Understanding how
the ow velocity and magnitude develops over distance is thus important for risk
assessments, as well as determining sediment uxes. However, as few direct measure-
ments are available, these ows remain rather poorly understood. This thesis aims
to use three direct monitoring datasets from three di erent oceanographic settings
worldwide that have captured turbidity currents in unusual detail, allowing for unique
analysis of their ow evolution.

Detailed measurements of turbidity currents in Monterey Canyon, o shore California,
show that their evolution depends on the initial velocity and the availability of an eas-
ily erodible substrate. Turbidity currents exceeding a velocity threshold can plateau
with near-uniform velocities, and thus run out over greater distances. A new model is
proposed for how these near-uniform velocities are obtained. In the Var Canyon-River
system, France, nearshore measurements are used to analyse turbidity current veloc-
ity structures, and how these develop over distance. Turbidity currents are shown to
self-organise over short distances by amalgamation of velocity peaks, which is partly
controlled by erodible substrate availability. This e cient self-organisation occurs
within 10 km, after which the original trigger is indiscernible. This has important
implications for interpreting turbidity current deposits. Bute Inlet, British Columbia,

is one of the most complete studies, where source-to-sink direct measurements are
combined with sediment cores. These data allow for a unique analysis of turbidity
current activity over space and time. The current-day channelized system is highly
active with yearly events, although these events are low magnitude. In contrast, dis-
tally the system shows high magnitude events occurring on centennial time scales.
These data suggest that infrequent mechanisms control large-scale events currently
not observed directly. This thesis provides a detailed analysis of turbidity current
development over distance, essential for determination of sediment uxes and hazard
assessment.
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Introduction

1.1 Rationale

Subaqueous density ows, including turbidity currents, are driven by the excess den-
sity from the sediment load they carry (Kneller and Buckee, 2000). Turbidity currents
are of interest for two main reasons. Firstly, their transport capacity makes these
ows one of the most volumetrically important mechanisms of transporting sediment
(Talling, 2014). Not only do these turbidity currents play a major role in transporting
sediments, they are also very e cient in organic carbon burial, a ecting the global
carbon cycle (Galy et al., 2007, Hage et al., 2020). Furthermore, these ows contain
nutrients essential for deep-sea ecosystems (Rowe, 1972, Vetter and Dayton, 1999);
and are capable of transporting microplastics and other pollutants to the deep-sea
(Gwiazda et al., 2015, Pohl et al., 2020). Second, turbidity currents are themselves
often powerful and violent. Thereby, these ows can impact sea oor infrastructure,
including oil and gas pipelines, as well as sea oor telecommunication cables trans-
porting data across the globe (Canals et al.,, 2004, Carter et al., 2014, Sequeiros
et al., 2019). Understanding how these ows develop over distance will improve haz-
ard assessments, and improve our knowledge on the particle uxes occurring from
the continent to the deep sea. Therefore, we need a better understanding of how
ows and their velocity, velocity signature and frequency changes with distance from
source in particular. However, there are few direct measurements of these submarine
ows in action, due to inaccessible locations, sometimes infrequent occurrence and
ability to damage instruments placed in their path. This thesis uses three detailed
direct monitoring data sets, which are used to understand how these ows develop
over distance, and thereby their impact on sea oor hazards and particle uxes.
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1.2 Aims

The overall aim of this thesis is to use direct eld measurements of turbidity currents
to understand the evolution of ows over time and space. In particular, three unusu-
ally detailed ow monitoring datasets are analysed which include acoustic Doppler
current pro ler (ADCP) data. ADCPs return detailed measurements of velocity and
backscatter (as proxy for sediment concentration) through the water column over
a set interval. The rst dataset is from Monterey Canyon, o shore California, and
is one of the most detailed monitoring eld experiments. This dataset includes 18
months of observations, at six mooring locations at sub-minute intervals. The second
dataset includes especially proximal moorings in the Var Canyon, o shore South-East
France. The third dataset includes the rst source-to-sink ADCP measurements, in
combination with sediment cores in Bute Inlet, a fjord in British Colombia, Canada.

These datasets are used to increase our general understanding on turbidity current
ow evolution. Speci cally, three speci c research questions are addressed:

1. What determines the evolution of ows over distance? (Chapter 2)
2. Can you identify the trigger of a ow from its velocity signature? (Chapter 3)

3. How do the frequency and magnitude of turbidity currents change with distance,
and what controls this pattern? (Chapter 4)

1.3 Previous Understanding of Turbidity Currents:
Outcrops, Modelling and Experiments

Due to their violent and episodic nature, measuring turbidity currents directly is
challenging. Much of our past understanding of turbidity currents has thus come from
analysis of their deposits in sediment cores and rock outcrops, physical experiments
in the laboratory, numerical and theoretical models.

Deposits, in rock outcrops or sediment cores, have often been the only direct informa-
tion available on turbidity currents (e.g. Kuenen and Migliorini, 1950). These vertical
sedimentary sequences are used to identify and describe turbidity currents and their
ow properties (i.e. Bouma, 1962). As some examples; Hubbard et al. (2014) have
suggested channel evolution models, which emphasises the bypass function of chan-
nels. Stevenson et al. (2014) have used sediment cores to reconstruct ows, and found
relatively thin, fast, ows capable of carrying large sand volumes across a at basin
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oor. However, deposits only record the depositional phases of often decelerating
ows, and inferring information such as the sediment support mechanism from a de-
posit is problematic as certain deposits can form in multiple ways (Talling et al.,
2012).

Theoretical models have been used to predict turbidity current behaviour, such as the
k- turbulence model (Eidsvik and Brrs, 1989) or the 4-equation model by Parker
et al. (1986). Such models are typically compared onto laboratory scale ows, whose
character may di er from full-scale ows in oceans or lakes due to scaling issues.

Yet key insights have come from physical experiments, where Kuenen (1937) was a pi-
oneer demonstrating their potential existence and ability to form submarine canyons.
Further insights include for instance; depositional models based on the sediment sup-
port mechanism (Middleton and Hampton, 1973); a sediment transfer mechanism
where even dilute river plumes are capable to transfer sediments and initiate tur-
bidity currents (Parsons et al., 2001); or experiments showing that a minor increase
in sediment concentration, especially muds, can dampen turbulence e ectively lead-
ing to rapid sediment settling and deceleration (Baas et al., 2009). Sequeiros et al.
(2009, 2018) were able to generate self-accelerating turbidity currents in physical
experiments and subsequently analyse their internal structure, thereby testing and
advancing the theoretical model originally set up by Parker et al. (1986). Limita-
tions on laboratory models include the necessity of scaling down experiments (Peakall
et al., 1996). Laboratory models are often limited to speeds of tens of cm, sand

a few metres length (i.e. Middleton, 1966), whereas eld measurements have shown
turbidity currents can reach up to 19 m & and can be several thousand km runout
(Heezen and Ewing, 1952, Piper et al., 1999).

Finally, deposits and laboratory experiments have been compared to results from
numerical modelling. For example, the 1979 Nice event was simulated by Mulder
et al. (i.,e. 1997). Luchi et al. (2018) demonstrate the potential for long runout of
turbidity currents by using a two-layer model. However, numerical models depend
on their input parameters, which are often not well-constrained. Furthermore, key
assumptions are necessary, such as depth-averaged ow properties, or uniform grain
sizes (c.f. Mulder et al., 1997, Parsons et al., 2007, Cantero et al., 2012, Luchi et al.,
2018).

Although these depositional, laboratory and numerical models have resulted in many
key insights about turbidity currents, each approach has signi cant limitations. This
means there is a compelling need to directly measure active and full-scale turbidity
currents in the eld, at a large scale. The availability of eld data from active events

3
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can make a step change in testing numerical or theoretical models, and help to design
laboratory experiments that more accurately reproduce eld-scale ows. Testing of
models against eld data can then become more common, and with more eld data
emerging, it is likely to be the new standard (i.e. Mulder et al., 1997, L vholt et al.,
2019, van Rijn et al., 2019).

1.4 Previous Direct Monitoring

In-situ, direct, measurements of turbidity currents have become more commonplace,
and give more detailed insights into ow properties. It is a developing eld, with more
detailed datasets, new instruments, an increasing number of simultaneous mooring
deployments, higher resolution data, and increasingly more global locations.

1.4.1 Monitoring studies (Pre-ADCPs; ‘70s and ‘80s)

The timing of cable breaks has helped determine ow paths and transit velocities (i.e.
Heezen and Ewing, 1952, Piper et al., 1999, Gavey et al., 2017). However, using cable
breaks to determine transit velocities relies on the assumption that the front of the
ow is responsible of the cable break, which may not be the case (Sumner and Paull,
2014). Inman et al. (1976) and Prior et al. (1987) were the rst to directly measure
turbidity currents using current meters at a xed height. These studies measured
currents up to 1.9 and 3 m/s, establishing down-canyon motion by discrete pulses,
capable of transporting coarse sand several meters above the sea oor. These studies
were the rst to show that turbidity currents can be measured directly in the eld.

1.4.2 Monitoring studies (ADCPs; ‘00s - onwards)

ADCPs measure velocities and acoustic backscatter in the water column above or
below the instrument, and can thus provide unique data on turbidity currents over a
set time interval, as well as being placed outside the main ow itself. ADCPs have
been placed at multiple submarine locations to monitor turbidity current activity
(Fig. 1.1; see Clare et al. (2017, 2020)). These locations include submarine canyons
extending for hundreds of kilometers (i.e. Puig et al., 2004, Xu et al., 2004, Liu et al.,
2006, de Stigter et al., 2007, Xu, 2010, Khripouno et al., 2012, Azpiroz-Zabala et al.,
2017, Paull et al., 2018); and smaller submarine systems (i.e. Hughes Clarke, 2016,
Lintern et al., 2016, Hage et al., 2019, Normandeau et al., 2020). However, some

4
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Figure 1.1: Locations with deployments of acoustic Doppler current pro lers (ADCPSs)
used to measure turbidity currents. The stars highlighted in red are locations discussed
in this thesis. Monterey and Var Canyon also have previous datasets with ADCP mea-
surements. See Clare et al. (2017, 2020) for an overview of direct measurement locations.
Image reproduced and modi ed from the GEBCO world map 2014, www.gebco.net.

deployments experienced heavy damage to the in-situ placed instruments (i.e. Inman
et al., 1976, Sumner and Paull, 2014, Paull et al., 2018, Clare et al., 2020). Even
though these events can be powerful, when comparing to the depositional record over
geologic timescales, in-situ observations are limited to the small-scale ows that are
constrained to the proximal canyon (i.e. Talling et al., 2015, Paull et al., 2018). Nev-
ertheless, these direct measurements have led to important insights and step changes
in our understanding on turbidity currents. For instance, Azpiroz-Zabala et al. (2017)
found that ows can stretch markedly, leading to prolonged turbidity currents which
can last up to a week. Liu et al. (2016) found that typhoon regimes lead to erosive
turbidity currents in Gaoping Canyon, o shore Taiwan. In Monterey Canyon, Xu

et al. (2004) were the rst to measure vertical velocity pro les of turbidity currents,
and Paull et al. (2018) measured the fastest in-situ turbidity currents to date, reach-
ing up to 7 m st. High-resolution repeat multibeam surveys in Howe Sound, British
Columbia, led to new insights in triggering of events and their subsequent bedforms
(Hughes Clarke et al., 2012, Hage et al., 2019). For instance, Hage et al. (2019) found
that extremely dilute river plumes are able to trigger turbidity currents in combina-
tion with tidal forcing. Furthermore, these direct measurements can be used to verify,
calibrate and improve laboratory, numerical and depositional models (Parsons et al.,
2007, Kneller et al., 2016, Symons et al., 2016, Maier et al., 2019). By improving
these turbidity current models, they will in turn give insights in less frequent, higher
magnitude events with a more hazardous potential not measured directly.
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1.5 Acoustic Doppler Current Pro lers (ADCPS)

The deployment of acoustic Doppler current pro lers (ADCPs) has drastically in-
creased the ability to monitor turbidity currents in detail and obtain in-situ mea-
surements of velocity structures (Clare et al., 2017). Chapter 2 and 4 use these
data predominantly to derive ow arrival times, and hence transit velocities; whilst
Chapter 3 looks at ADCP-derived time series of internal ow velocity.

1.5.1 Principles

Acoustic Doppler current pro ler (ADCP) measurements are current pro les over
depth, with each bin having a unique value (Fig. 1.2A). ADCPs use the Doppler
shift principle to measure ow velocity (Teledyne, 2011). Four transducers, or beams,
are mounted at an angle on the ADCP and transmit and receive sound pulses called
pings (Fig. 1.2A). The Doppler shift and strength of the emitted versus received sound
pulse is used to determine velocity and backscatter at each vertical cell. The velocity
measurements are based on the Doppler shift between emitted and received frequency,
and require four beams to calculate velocities in north, east and up directions, and
to include a measurement error estimate (Teledyne, 2011). The echo intensity is the
strength of returned signal, and can be converted to backscatter when correcting for
noise attenuation and converted to sediment concentration when assuming a single
grain size (Thorne and Hanes, 2002, Azpiroz-Zabala et al., 2017, Simmons et al.,
2020). The data is projected over time, with each ensemble equalling an average of
multiple pings.

1.5.2 Limitations and considerations

There are a few considerations for deploying and using ADCPs (Clare et al., 2020).
ADCPs can be installed either upward or downward looking. The upward looking
ADCPs will typically be moored on the sea oor to capture passing turbidity currents,
making this con guration more vulnerable to direct damage from turbidity currents
(Clare et al., 2017). Therefore, con gurations with downward looking ADCPs are
more common in turbidity current research. Here, there is still a possibility to be
dragged down towards the sea oor during the passage of a turbidity current, or
mounting cables can snap (i.e. Paull et al., 2018). The majority of the data discussed
in this thesis is from downward looking ADCPs. The ADCPs can have various
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Figure 1.2: Basic working principles of an acoustic Doppler current pro ler (ADCP).

A) Four beams are used to calculate velocities and backscatter, the latter as a proxy for
sediment concentration. Measurements are at set height intervals (bins). Image modi ed
after Teledyne (2010). B) Interference types on a downward looking ADCP. The left
depicts side lobe interference, where there is a region of interfering signals as the side lobe
hits a surface before the main lobe. The right shows interference from bathymetry. Both
are due to an overpowering echo from the rst sound wave arrival. The footprint (height
and angle of the ADCP) in uences the extent of interference. Image modi ed after Clare

et al. (2020).

frequencies at which the sound pulses are emitted. The studies presented here in
Chapter 2, 3, and 4 use ADCP frequencies of 75, 300 and 600 kHz. Other studies
have used 1200 kHz as well (i.e. Wynn et al., 2014, Hughes Clarke, 2016). The
choice in frequency is a consideration between detail and range, as a higher frequency
will result in more detail over a shorter range as energy dissipates quickly. Lower
frequencies lead to greater range of measurements of the water column, but with less
detail (Clare et al., 2020).

Major limitations when using ADCP measurements are in the near-bed region. Un-
fortunately, this region, where the interaction between turbidity currents and the
sea oor occurs, is of particular interest (Talling et al., 2015). Firstly, a major limita-
tion is the inability of ADCPs to penetrate higher density ows, leading to a blanking
region often near the bed (i.e. Simmons et al., 2020). Second, side lobe interference
and bathymetry interference can a ect the lower bins of the data (Fig. 1.2B). Side
lobe interference is due to the o set in the direct (side) and angled (main) lobe ori-
entations, where the sidelobe will be in contact with the sea oor rst. This contact
leads to an overpowering echo (Teledyne, 2011). The bathymetry interference is also
due to this overpowering echo, but in this case due to local bathymetry protruding
into the beam (Clare et al. (2020); Fig. 1.2B). With an increasing footprint (ADCP
mounting height in combination with beam angle) sidelobe interference increases,
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and interference from i.e. canyon walls becomes more likely. However, it is preferable
to mount an ADCP outside the main turbidity current, for safekeeping, as well as
measurements. Therefore, ADCP mounting height is a careful consideration.

Finally, general limitations are battery power and memory storage, leading to reduced
time intervals or reduced deployment times. Chapter 2 consists of three separate,
but consecutive, 6-month deployments, cumulating to an 18-month monitoring study.
Most measurements are at 30 s intervals, with one mooring at 10 s intervals. Chapter 3
had one ADCP deployed over a 7-month period, which collected over 20 min intervals.
Chapter 4 consists of two separate deployments, 5 months in 2016 and a 7-month
deployment in 2018. Time intervals varied between 2.5 seconds and 10 seconds per
mooring.

1.6 Turbidity Current Terminology

A consequence of the di culty of measuring turbidity currents in nature is the consid-
erable debate on the de nition of turbidity currents, due to a lack of suitable measure-
ments (c.f. Talling et al., 2012). There are numerous de nitions of turbidity currents,
based on for instance their sediment support mechanism (i.e. Mulder and Alexander,
2001), ow state (i.e. Lowe, 1979) or ow rheology (i.e. Shanmugam, 2002). For now,
these di culties remain as direct measurements cannot always observe the physical
processes in the eld, and deposit-based classi cations remain important (c.f. Par-
sons et al. (2007), Talling et al. (2012)). Throughout this thesis, the term turbidity
current is used as a general term depicting a sediment density ow, driven by their ex-
cess sediment density (i.e. Middleton and Hampton, 1973). In Chapter 3 speci cally,
this is further speci ed that the dominant particle support, uid turbulence, can be
damped within near-bed layers, following Cantero et al. (2012). The terms \ ows"
and \events" are used interchangeably to depict a singular turbidity current episode.
Further speci ¢ terminology necessary for Chapter 2 and Chapter 3 is specied in
their respective terminology sections.

1.7 Thesis Structure

The core of this thesis are three scienti ¢ chapters, each seeking to understand the
evolution of turbidity currents. Each chapter uses eld monitoring data from a di er-
ent submarine turbidity current system (Fig. 1.1, red stars). These datasets include
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the most ADCPs deployed to date along turbidity current pathways, and only source-
to-sink moorings covering an entire submarine system. These unique elds datasets
are used to answer fundamental questions about ow behaviour. These questions in-
clude how these ows develop over distance, in terms of their front velocity (Chapter
2), internal velocity structure (Chapter 3) and frequency (Chapter 4). How ows de-
velop over distance determines their impact on sea oor infrastructure, and how they
transfer sediment, nutrient and pollutants to the deep sea. Thereby, in a broader
perspective, each chapter contributes to improved hazard assessments, and to our
knowledge on particle uxes to the deep sea.

Chapter 2 { What determines the evolution of ows over distance?

Fundamental theories from the 60s and 80s have suggested that turbidity currents
either erode, thereby become denser and accelerate (ignite) or deposit, become more
dilute and decelerate (dissipate) (Bagnold, 1962, Parker, 1982, Parker et al., 1986).
Another, intermediate ow state has been suggested where erosion and deposition
are balanced (autosuspension)(Pantin, 1979). These theories have been tested in
laboratory settings and numerical models, but there has not been a dataset with
enough direct measurement stations in one deployment allowing for eld testing of
these suggested ow modes (i.e. Southard and Mackintosh, 1981, Fukushima et al.,
1985, Sequeiros et al., 2009, Hu et al., 2015). Chapter 2 presents data from Monterey
Canyon, where six moorings covering 52 km were deployed over 18 months (Paull
et al., 2018). This dataset is the most exhaustive dataset on turbidity currents to
date, and allows for the fundamental questions on the evolution of turbidity currents
stipulated above to be addressed. The velocity of 13 events is analysed, via both the
direct ADCP measurements at each mooring and transit velocities between moorings.
All events initially ignite. The initial velocity of events severely impacts the subse-
guent runout distance. Marginal increases in initial velocities lead to substantially
greater runout distances. If the velocity exceeds a threshold, ows can autosuspend.
Additionally, sea oor substrate in uences the ability of ows to ignite at a later stage.

Chapter 3 { Can you identify the trigger of a ow from its velocity signa-
ture?

In the literature, unique velocity structures that form a signature have been assigned
to ood-triggered turbidity currents and their subsequent deposits (Mulder et al.,
2003, Nakajima, 2006, Khripouno et al., 2012, Zavala and Pan, 2018). These unique
signatures have been used to reconstruct palaeo- oods, and their recurrence rates
(i.e. Plink-Bprklund and Steel, 2004, Nakajima, 2006). Direct measurements so far
have shown ambiguity in these velocity signatures, suggesting it is not as straight-
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forward to recognise ood-triggered turbidity currents as previously suggested (i.e.
Khripouno et al., 2012, Liu et al., 2012, Hage et al., 2019). Chapter 3 presents
data from Var Canyon, o shore France in the Mediterranean. Here, we obtained de-
tailed velocity measurements from an ADCP mooring 6 km o shore. In combination
with river in ux data, these velocity measurements provide insights in the recog-
nition of river ood-triggered turbidity currents. Another mooring 16 km o shore,
with a current meter, shows how the velocity signature of turbidity currents evolves
over distance. We measured three events, two of which can be directly related to
river peak discharges. Proximally, the data showed that the ood-triggered veloc-
ity signatures can (partially) be found, but that the event that is not related to a
river ood actually meets most of the ood-triggered criteria. At the distal station,
amalgamation and self-organisation of events leads to signal shredding, where the
velocity signatures follow a more classic, surge-like velocity structure. Our ndings
have important implications for interpretation of ood-related sedimentary deposits.
Recognition becomes patrticularly di cult when moving further o shore, as turbidity
currents quickly self-organise and discard their trigger-speci c criteria.

Chapter 4 { How do the frequency and magnitude of turbidity currents
change with distance, and what controls this pattern?

As turbidity currents are capable of transporting vast amounts of sediment, nutri-
ents, pollutants and plastics to the deep sea, it is important to understand over
what timescales transport to the deep sea typically occurs. However, understanding
the full-scale transportation of turbidity currents has been predominantly dependent
on indirect methods such as outcrops, seismic data or sediment cores. Most direct
measurements of turbidity currents are limited to the proximal extent of submarine
systems. In Chapter 4, we present direct measurements from Bute Inlet, a Canadian
flord in British Colombia. Six ADCPs have been placed in this small-scale subma-
rine channel system covering source-to-sink. Additional sediment cores throughout
the submarine system, including the distal deep basin, provide a sedimentary record
of past events. The combination of these datasets provides a unique insight in the
frequency of turbidity currents over time and space. Three event frequencies are
found. The direct ADCP measurements show frequent events, with ca. 100 events
occurring near the delta, and one event reaching the lobe every year. The sediment
cores show that coarse-grained sands are deposited on the terraces above the current-
day thalweg, every 20 years. The deep basin shows a change from mud deposits
to massive sand deposits, a change that occurred approximately 240 years ago. The
frequencies of these events is found to be comparable to an adjacent Canadian fjord
(Stacey et al., 2019).
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Chapter 2

What determines the evolution of
ows over distance?

This chapter has been published ifcarth and Planetary Science Letters Heerema
CJ, Talling PJ, Cartigny MJ, Paull CK, Bailey L, Simmons SM, Parsons DR, Clare
MA, Gwiazda R, Lundsten E, Anderson K, Maier KL, Xu JP, Sumner EJ, Rosen-
berger K, Gales J, McGann M, Carter L, Pope E and the CCE team (2020). 'What
determines the downstream evolution of turbidity currents?’. Earth and Planetary
Science Letters.https://doi.org/10.1016/j.epsl.2019.116023

Kate Heerema gratefully used the data collected by co-authors, and analysed the
ADCP data. Conceptualisation of the paper, and analysis of the data was carried
out by KH, with key input from supervisors PJT and MJBC. The paper was written
by KH, with various comments from all co-authors. The grain-size data analysis,
internal tide data and mooring deployments were provided by co-authors. The main
author would like to acknowledge the fruitful discussions and invaluable input from
the co-authors and their patience during the revision process.

2.1 Abstract

Seabed sediment ows called turbidity currents form some of the largest sediment
accumulations, deepest canyons and longest channel systems on Earth. Only rivers
transport comparable sediment volumes over such large areas; but there are far fewer
measurements from turbidity currents, ensuring they are much more poorly under-
stood. Turbidity currents di er fundamentally from rivers, as turbidity currents are
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driven by the sediment that they suspend. Fast turbidity currents can pick up sed-
iment, and self-accelerate (ignite); whilst slow ows deposit sediment and dissipate.
Self-acceleration cannot continue inde nitely, and ows might reach a near-uniform
state (autosuspension). Here we show how turbidity currents evolve using the rst
detailed measurements from multiple locations along their pathway, which come from
Monterey Canyon o shore California. All ows initially ignite. Typically, initially-
faster ows then achieve near-uniform velocities (autosuspension), whilst slower ows
dissipate. Fractional increases in initial velocity favour much longer runout, and a
new model explains this bifurcating behaviour. However, the only ow during less-
stormy summer months is anomalous as it self-accelerated, which is perhaps due to
erosion of sur cial-mud layer with ne sands mid-canyon. Turbidity current evolution

is therefore highly sensitive to both initial velocities and seabed character.

2.2 Introduction

Sea oor sediment density ows (called turbidity currents) are the dominant global
mechanism for transporting sediment from the continental shelf to the deep sea.
These ows play a crucial role in global organic carbon burial and geochemical cycles
(Galy et al., 2007), and supply of nutrients to deep-sea ecosystems (Canals et al.,
2006). Only rivers transport sediment over comparable areas, although one tur-
bidity current can carry more sediment than the annual ux from all the world’s
rivers combined (Talling et al., 2013). Powerful turbidity currents can badly damage
sea oor infrastructure, including oil and gas pipelines, and telecommunication cable
networks. The latter carry over 95 % of global data tra c (Carter et al., 2014), form-
ing the backbone of the internet and nancial markets. Turbidity current deposits
host valuable oil and gas reserves, and form thick sequences of ancient rocks that
record Earth’s history (Nilsen et al., 2008). The downstream evolution of velocities
and runout lengths controls how sediment is dispersed, the resulting deposit character
and shape, and hazards to sea oor infrastructure. It is thus important to understand
how turbidity currents work, especially what controls their runout, and changes in
ow velocity with distance.

Turbidity currents di er profoundly from terrestrial rivers; unlike rivers they are
driven by the weight of sediment they carry, and this sediment can be entrained or
deposited onto the sea oor along turbidity current pathways. Previous work sug-
gested that exchange of sediment with the seabed may lead to positive feedbacks,
such that turbidity current behaviour is inherently unstable and diverges (Fig. 2.1)
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(Bagnold, 1962, Parker, 1982). These studies proposed that ows which erode sed-
iment become denser, and thus accelerate, causing increased erosion, and further
acceleration (Fig. 2.1A). This process is called ignition, and it may play a pivotal
role in producing powerful and long runout ows. Conversely, ows that deposit
sediment may decelerate, leading to further deposition (‘dissipation’; Fig. 2.1B).
Such positive feedbacks may produce thresholds in behaviour that depend on small
di erences in initial ow state. It has also been proposed that ows could achieve

a near-uniform state in which erosion is balanced by sediment deposition, termed
autosuspension (Fig. 2.1C, D) (Pantin, 1979). Here, turbulence within the ow is
strong enough to keep particles in suspension, and counteracts their settling veloc-
ity (Parker, 1982). However, unlike ignition, there is no net gain of sediment from
the bed, as the bed is too hard to erode (Fig. 2.1C), or sediment erosion balances
sediment deposition during autosuspension (Fig. 2.1D). Flows that balance erosion
and deposition will tend towards spatially uniform velocities, assuming that seabed
gradient and ow width do not change markedly. Self-acceleration due to ignition is
unlikely to continue inde nitely: increased sediment concentrations will eventually
damp the turbulence that keeps sediment aloft (Baas et al., 2009) and shield the
bed from rapid erosion, or increase frictional drag and thus reduce ow velocities.
However, there is considerable debate over what happens after ignition ceases (Fig.
2.1A). Do ows reach a state of autosuspension; and if so, what do autosuspending
ows look like? In particular, do ows develop a dense near-bed layer that drives the
event (as proposed by e.g. Winterwerp (2006)), or remain an entirely dilute and fully
turbulent suspension (e.g. Cantero et al., 2012)?

Turbidity currents are notoriously di cult to monitor in action, due to their location,
episodic occurrence, and ability to damage instruments in their path (Inman et al.,
1976, Talling et al., 2013). Consequently, there are very few direct measurements from
oceanic turbidity currents, ensuring fundamental theories on how turbidity currents
work are poorly tested. Multiple, high temporal resolution velocity measurements
along a ow path are required to test how ow state evolves over distance. In par-
ticular, ignition and autosuspension have been di cult to reproduce in laboratory
experiments (Southard and Mackintosh, 1981). This may be because most labora-
tory experiments are relatively slow moving, compared to full-scale oceanic ows,
and thus have limited ability to erode their substrate, or fully support sediment
with realistic grain sizes. Experimental ows thus tend to dissipate. Sequeiros et al.
(2009, 2018) successfully produced self-accelerating turbidity currents in relatively
slow moving & 20 cm s') laboratory experiments with low density particles, but
they did not reproduce fully realistic processes of seabed erosion. However, new
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technologies have recently led to major advances in monitoring of active turbidity
currents (Hughes Clarke, 2016). This includes acoustic Doppler current pro lers
(ADCPs) that measure velocity pro les to within a few meters of the sea oor (Xu,
2010). Here we use ADCP and other sensor data to observe spatial patterns of ow
ignition, dissipation, and autosuspension in unprecedented detail; and to study how
ows work in general.

Figure 2.1: Ignition, dissipation and autosuspension of turbidity currents. (A)
Ignition is caused by net sediment erosion that increases ow density, causing
increased velocities. This positive feedback cannot continue inde nitely, as ele-
vated sediment concentrations eventually damp turbulence, shield the bed from
erosion, or increase friction. (B) Dissipation is caused by sediment deposition,
which leads to spatial decreases in ow density, and thus velocity. This negative
feedback causes the ow to eventually die out. (C and D) Autosuspension com-
prises a situation in which ow density remains constant, and ow velocities are
spatially uniform. (C) Flow may be powerful enough to suspend all of the sed-
iment it carries, but the substrate is too hard to erode. Alternatively, localised
areas of erosion and deposition may also balance each other out, leading to no
net change in suspended sediment. (D) Sediment deposition may be balanced
by an equal amount of substrate erosion. Models for autosuspension in (C) and
(D) assume ow is dilute and fully turbulent. We subsequently present an al-
ternative model for autosuspension (Fig. 2.7), where ow is driven by a dense
near-bed layer.

This study analyses the most detailed (7 locations at sub-minute intervals) eld
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