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Sediment transport around the globe is dominated by rivers and turbidity
currents. While rivers shape the land, turbidity currents shape the ocean floor.
These flows can pose hazards to infrastructure placed in their paths. The
sedimentary deposits left behind by these flows are key to understanding how
our planet evolved over geological timescales. This thesis aims to enhance the
general understanding of these geophysical flows by tackling specific areas of

flow dynamics and their deposits that have so far remained poorly understood.

Rivers transport most of their sediment in rare flooding events. A specific type of
bedform can occur during these floods, called cyclic steps. Little is known about
these cyclic steps as their occurrence is rare and observations during such
powerful floods are difficult to make. Here, cyclic steps are reproduced in a
numerical model to constrain bedform morphyodynamics. Additionally, the model
is used to predict how the occurrence of cyclic steps can be deduced from
studying the deposits that are left behind by floods. The numerical modelling
shows that the relation between flow properties and the occurrence of erosion
deviate from existing models. The deposits arising from cyclic steps depend on
how fast sediment is deposited. Cyclic steps that deposit rapidly form a series of
upstream-dipping laminations bound by erosion surfaces. Cyclic steps that
deposit slowly, however, form amalgamated concave-up erosion surfaces that are
infilled with laminations that dip upstream and downstream. These results now
allow geologist to reconstruct river floods throughout geological time with more
confidence.



In contrast to rivers, where cyclic steps are rare, similar bedforms are abundant in
submarine channels, which are major conduits of sediment transport to the deep
ocean. These bedforms are an important building block for submarine channels;
just as dunes are for rivers. Unlike rivers, the formative controls on these
bedforms in submarine channels are presently not well understood. Here | tested
three hypotheses on the formation of the bedforms, again using a numerical
model. (1) These bedforms only form under fast and thin flow, (2) the bedforms
only form under stratified flow and (3) the bedforms only form under flows strong
enough to erode sediment from the seafloor. The results of the study showed
that (1) not all fast and thin flows create the bedforms, (2) only stratified flows,
but not all, create the bedforms and (3) only flows that exceed a threshold of
erosion created the bedforms. These results show that the bedforms form in
submarine channels that fall within a “sweet spot” of particular grain-size and

slope, and thus explains their abundance, but also their local absence.

Finally, this thesis presents some direct observations of turbidity currents on the
seafloor. These observations confirm the importance of stratification already
noticed in the previous numerical modelling work. The observations show that
the fronts of stratified turbidity currents are wedge-shaped, and host the fastest
and densest part of the flow. These observations contrast the bulbous and dilute
front found in unstratified turbidity currents seen in most modelling studies. The
frontal structure of stratified turbidity currents shows remarkable similarities to
that of stratified pyroclastic density currents and powder-snow avalanches. A fast
and dense front on turbidity currents poses substantially larger hazards for any

submarine infrastructure such as pipelines and telecommunication cables.
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Chapter 1

Chapter 1:Introduction

Geophysical flows such as rivers, pyroclastic density currents, avalanches,
turbidity currents, glaciers, and winds shape the Earth’s surface. They generate
morphological features that can range from centimetre-scale ripples to deep
canyons that extend for hundreds of kilometres into the deep-sea. The two types

of geophysical flows that feature in this work are rivers and turbidity currents.

1.1  Why study rivers and turbidity currents?

Rivers and turbidity currents are the two most important mechanisms to transport
sediment around the globe (Talling et al., 2012). Rivers create morphological
features as valleys, meanders, and bedforms (Fig. 1). Turbidity currents are
subaqueous flows of sediment suspended in water that transport sediment from
continental shelves to the deep ocean. Water with suspended sediment is denser
than the ambient water, hence turbidity currents move downslope. Just as rivers
shape the surface on land, turbidity currents sculpt the seascape on a range of
scales, forming submarine canyons, meanders, and bedforms (Fig. 1) (Heezen et
al., 1964; Damuth et al., 1983; Symons et al., 2016). Both rivers and turbidity

currents thus shape the Earth’s surface.
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River channels Submarine channels

2km* ..

Meanders

Bedforms

Figure 1: morphological comparison between river channels and submarine

channels based on open-source images from Google Earth. Rivers: Grand Canyon,
Arizona, USA (top), Purus River meanders, Brazil (middle), bedform in the Scheldt,
the Netherlands. Submarine channels: Monterey submarine canyon (top), Amazon

submarine fan meanders (middle), bedforms in the South China Sea (bottom).

The morphological behaviour of rivers has been of societal importance since the
early days of civilisation. The effects of flooding and river avulsions have played a
role in the evolution of early civilisations, such as in Mesopotamia and ancient
Egypt, where avulsion areas and channel-belts provided fertile soil for agriculture
(Hassan, 1997; Morozova, 2005). Nowadays river morphology not only influences

agriculture but also navigation, industrial use and recreation, while understanding
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river morphodynamics is key to flood management (Brierley and Fryirs, 201 3).
Thus, it is important to understand the processes that shape river morphology,
and how to reconstruct these processes from the deposits that these rivers leave
behind in the sedimentological record. Their deposits are often used as indicators
of past climate, floods, and overall paleo environment; hence understanding the

link between process and deposit is important.

The impact of subsea sediment movements by turbidity currents has only become
obvious in modern times. On 18 November 1929, an earthquake triggered a large
submarine landslide off the coast of Newfoundland (Nisbet and Piper, 1998). As
the landslide mass mixed with the ambient seawater, it triggered a turbidity
current that cut transatlantic telegraph cables between America and Europe
(Heezen and Ewing, 1952). Subsea infrastructure has become more extensively
laid and is of greater importance to society now. More than 95% of global
telecommunications are now carried by subsea cables (Carter et al., 2009), and
offshore energy production facilities and transport (both fossil and sustainable),
are increasingly important (e.g. Barley, 1999; Pettingill and Weimer, 2002). As
telecommunications and energy are both fundamental parts of our modern life,
the hazard turbidity currents pose to critical subsea infrastructure is important to
understand. Furthermore, the deposits associated with turbidity currents,
turbidites, are amongst the largest sedimentary accumulations on Earth (Bouma,
1962), and form many of the important hydrocarbon reservoirs worldwide (Stow
and Johansson, 2000). Robust characterisation of these deposits helps

understanding paleo-environments and predicting reservoir location and quality.

1.2 Linking bedforms and deposits to flow processes

Bedforms are instabilities at the interface between an erodible bed and an
overlying flow. Metre-scale bedforms are the building blocks of deposits
associated with rivers and submarine channels (Best, 2005; Covault et al., 2016).
While individual bedforms can form over a timescale of minutes and length scales
metres, their accumulated deposits (which may span the entire length of a
channel) can potentially provide long-term archives of flow behaviour over
hundreds of kilometres and millions of years (Best, 2005; Parsons and Best,
2013).

A sedimentary deposit is often all that is left of a sedimentary process that

occurred over the geological past. Hence interpretations of these processes are
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depending on linking the deposit to their flow dynamics that formed them.
However, our interpretation relies on understanding of the process forming those

deposits.

“If the present is the key to the past, it is a key no better than
our understanding of present geologic processes.” (Harms and
Fahnstock, 1960)

There are four approaches to study sedimentary processes (Fig. 2): (1) direct
observation, (2) use of conceptual models based on existing knowledge, (3)
scaled-down laboratory experiments and (4) numerical modelling. Direct
observations are preferable, though not all sedimentary processes are easily
observed or measurable. Some geophysical flows occur at locations which are
difficult to measure, or are destructive, such as deep-sea turbidity currents (e.g.
Khripounoff et al., 2012; Lintern et al., 2016). To date, detailed and direct
measurement of turbidity currents are only known from seven sites worldwide
(Azpiroz et al., 2017). Although this number is slowly growing with the uptake of
new technology, it pales in comparison to the millions of equivalent
measurements available for rivers (Milliman and Syvitski, 1992). Thus, conceptual
models (often based on deposits), scaled-down laboratory experiments and
numerical models are valuable methods to fill the gaps in process understanding
and help us determine whether findings from other geophysical flows are
transferable to turbidity currents. In this thesis | consider aspects from each of
these approaches to better understand the links between flows and deposits.
First, new conceptual models of specific aspects of rivers and turbidity currents
are constructed and compared to existing ones. Second, a three-dimensional
numerical model is used to simulate both river flow and turbidity currents to

quantify the link between flow properties and resultant deposits.
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Third, modelling outputs are compared to laboratory-scale experiments to
investigate their validity. Finally, analysis of new direct measurements turbidity

current provides new insights into how these flows behave at field-scale.

numerical model scaled experiment

Figure 2: Four methods to interrogate reality when a lion’s tail is twisted modified
after Kleinhans et al., (2010). Firstly, top left, the direct measurements and
observations of a lion’s tail being twisted. Second, top right, the conceptual
model, biased through the observers own frame of reference, note the human
features of the lion. Third, bottom left, numerical modelling based on established
laws, limited by the choices of laws, parameters and boundary conditions. Fourth,
bottom right, twisting the tail of a scaled-down Lion, which may lead to scale
problems.

1.3 Aim of this thesis

The overall aim of this thesis is characterising geophysical flows that create
upstream-migrating bedforms. There are various kinds of upstream-migrating
bedforms in many different type of flows; those created by rivers (e.g. Middleton,
1965; Nordin and Beverage, 1965), turbidity currents (e.g. Kostic et al., 2010;
Paull et al., 2010; Symons et al., 2016), pyroclastic density currents (e.g. Cole,
1991; Moorhouse and White, 2016) and even by polar adiabatic winds on planet
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Mars (Smith et al., 2013)! In contrast to the abundance of these bedforms over
such a wide variety of settings, very little is known on the dynamics of these

bedforms.

Upstream-migrating bedforms can be divided into symmetrical bedforms called
antidunes and asymmetrical bedforms called cyclic steps (Cartigny et al., 2014).
Most previous studies have focussed on the dynamics of antidunes in rivers
(Kennedy, 1969; Alexander et al., 2001; Froude et al., 2017). The aim of chapter
2 is to determine the morphodynamics and depositional signature of cyclic steps

in a fluvial setting.

Turbidity currents can also create upstream-migrating bedforms both within and
outside submarine channels (e.g. Paull et al., 2010; Symons et al., 2016).
Turbidity currents are difficult to observe directly and thus the formative controls
on upstream migrating bedforms are more poorly understood than those in a
fluvial setting. Chapter 3 aims to quantify the formative controls on dune-scale
upstream-migrating bedforms created by turbidity currents in submarine

channels.

Powder-snow avalanches and pyroclastic density currents are particulate gravity
currents (their driving force being the particle suspended in the fluid) just as
turbidity currents are. Powder-snow avalanches and pyroclastic density currents
are in many ways similar to turbidity currents and field studies have shown these
currents too display upstream-migrating bedforms of snow and ash (Cole, 1991;
Moorhouse and White, 2016). Chapter 4 of this thesis aims to characterise the
frontal structure of a turbidity current that created upstream-migrating bedforms,
using new direct measurements, and compare the character to that of Powder-

snow avalanches and pyroclastic density currents.

A more detailed introduction of the relevance of these research chapters is
provided in the next section (1.4). The results are summarised and suggestions

for future work are presented in Chapter 5.

30



Chapter 1

1.4 Introduction of individual research topics

1.4.1 What is the morphodynamic and depositional signature of cyclic

steps?

High-discharge events such as floods or glacial outwashes transport a significant
portion of sediment in rivers (Nordin and Beverage, 1965). Most morphodynamic
change occurs during these individual flow events, rather than during normal flow
conditions (Kochel, 1988). These high-discharge events are prone to Froude-
supercritical flow (e.g. Fielding, 2006; Lang and Winsemann, 2013). A flow is
Froude-supercritical if surface waves are unable to propagate upstream, and
inertial forces dominate over gravitational forces. The Froude number (Fr) (Reech,
1852; Froude, 1872) (Egn. 1.1) describes the ratio of inertial to gravitational
forces, where inertial force is represented by the flow velocity (u), and
gravitational force represented by the product of the flow thickness (h) and the
acceleration due to gravity (g). Fr<1 means the flow is in the subcritical regime,

and Fr>1 means flow is in the supercritical regime.

Fr = 2% (1.1)

Several types of bedforms (antidunes, transitional bedforms and cyclic steps) may
form under supercritical flows in open channels (e.g. Kennedy, 1969; Parker,
1996; Alexander, 2008; Cartigny et al., 2014). Cyclic steps form at the highest
Froude numbers (Cartigny et al., 2014). Supercritical flow occurs on the steeper
lee-side of cyclic steps, while subcritical flow occurs on the lower angle stoss
side. The transition from supercritical to subcritical flow at the trough of the
bedform is marked by a hydraulic jump (Fig. 3) (Parker, 1996). As a result of
these contrasting flow regimes, the lee-side of the bedform is erosional, and the
stoss-side is depositional, causing the bedform to migrate upstream. Overall

sediment transport is, however, still directed downstream.

Fr<1 Fr>1 Jump Fr<1 Fr>1 jumpé Fr<1

&,
0,
Erodible bed Y

depostio”

Figure 3: A schematic drawing of a cyclic step system. The stoss-side of the cyclic

step is associated with a subcritical (Fr<1) and depositional flow. The lee-side of
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cyclic step bedform is characterized by supercritical (Fr>1) and erosive flow. The
transition between supercritical and subcritical flow is marked by a hydraulic

jump.

Deposits related to cyclic steps are seldom observed. This could be because these
deposits are often not preserved, or simply because their depositional signature
is not well understood. Linking the morphodynamics of cyclic steps to the
resulting sedimentary structure is thus crucial in being able to accurately

interpret the deposit.

The research questions in this chapter are: (1) how do cyclic steps work? And (2)
what depositional signature is associated with cyclic steps? Physical parameters,
such as depth-varying sediment concentration, velocity and turbulence are
difficult to quantify using laboratory models or using depth-averaging numerical
models. These parameters are, however, crucial to linking flow dynamics to the
sedimentary architecture and facies variation over time and space. Moreover,
interpreting supercritical-flow processes from outcrops and cores is strongly
dependent on distinguishing small scale facies characteristics. For these reasons
a depth-resolved numerical model is employed to answer these two research

questions.

1.4.2 What are the formative controls on dune-scale upstream-migrating

bedforms in submarine channels?

Dune-scale upstream-migrating bedforms are abundant, yet not ubiquitous, in
submarine channels (Symons et al., 2016). For example, in Monterey Canyon
(offshore California) these bedforms are present at most, but not all locations
(Paull et al., 2011). Dune-scale bedforms are well-studied and play an important
role transporting sediment in rivers (Best, 2005). In contrast, the formative
controls on dune-scale upstream-migrating bedforms in submarine channels are
debated (Paull et al., 2010), though they may be of similar importance for
sediment transport in submarine channels (Covault et al., 2017). A poor
constraint on when and where these bedforms form also hinders confident

interpretations of their associated deposits.

Turbidity currents are more prone to supercritical flow than rivers. As the density
contrast between a turbidity current and the ambient water is small, which
implies that the gravitational forces in the flow are often small relative to the

inertial forces. The densimetric Froude number (Fr,) (Komar, 1971) (Egn. 1.2), is
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used to compute Froude numbers in density currents, where p;, and p,,relate to
the density of the ambient fluid and density current.

Fry= ———— (1.2)

Three factors are suggested to play a role in the formation of dune-scale
upstream-migrating bedforms by turbidity currents: Froude supercriticality
(Hughes Clarke, 2016; Covault et al., 2017),density stratification (Postma and
Cartigny, 2014; Hughes Clarke, 2016) and erosive capacity (Parker, 1996;
Balmforth and Vakil, 2012). The importance of the three suggested formative
controls is however unknown, as direct measurements of turbidity currents are

sparse.

The research question in this chapter is: What are the formative controls on
upstream-migrating bedforms in submarine channels? The question is answered
by employing a depth-resolved numerical model (as in chapter 2). A numerical
model is used as available direct measurement data cannot answer this question,
and numerical model allows testing of several boundary conditions. The model is

depth-resolved because flow stratification needs to be simulated.

1.4.3 What is the frontal structure of stratified turbidity currents

compared to other particle-laden density currents?

Direct measurements of turbidity currents are sparse (Xu, 2011; Talling et al.,
2015). These sparse measurements suggest that the front of turbidity currents is
the most hazardous to subsea infrastructure as they host the highest velocities
and densities (Symons et al., 2017). Quantification of hazard impact relies on
appreciating the structure of a turbidity current (Bruschi et al., 2006a; Clare et
al., 2015a); hence it is particularly important to understand to frontal character of

turbidity currents.

Turbidity currents, powder-snow avalanches and pyroclastic density currents are
all geophysical particulate density currents. Powder-snow avalanches and
pyroclastic density currents are known to display two endmember flow modes: (1)
well-mixed and fully turbulent flows and (2) stratified flows (Voellmy, 1955a;
Simpson, 1982; Branney and Kokelaar, 2002). These two different flow modes are
expressed in the frontal character of these flow, where dilute flows have a

bulbous and dilute front, and stratified flows have a dense and thin front (e.g.
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Sovilla et al., 2015; Breard et al., 2016). It is unclear whether turbidity currents
exhibit these same two flow modes, as previous direct measurements (Xu et al.,
2004; Khripounoff et al., 2012; Xu et al., 2012; Puig et al., 2014; Hughes Clarke,
2016; Azpiroz-Zabala et al., 2017; Symons et al., 2017) have struggled to make
detailed measurements of the flow front and close to seafloor.

The research questions in chapter 4 are: (1) what is the frontal character of
stratified turbidity currents? (2) And how does this character compare to that of
other particle-laden density currents? Newly obtained high resolution direct
measurement data are used to image the frontal shape, velocity structure and

density structure of a stratified turbidity current.
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Chapter 2: Morphodynamics and depositional
signature of low-aggradation cyclic steps:
New insights from a depth-resolved

numerical model

This chapter is published in Sedimentology in 2017 under the same name,
doi:10.1111/sed12391. It is co-authored by Dr Matthieu Cartigny, Dr Joris
Eggenhuisen and Ernst Hansen. An edited version of the paper is presented in
this thesis.

| did the numerical modelling, analysis of the modelling outcomes and wrote the
manuscript. Matthieu Cartigny and Joris Eggenhuisen aided in discussing the
results, and in reviewing of the manuscript. Ernst Hansen provided help on

setting up the numerical model.

2.1 Abstract

Bedforms related to Froude-supercritical flow, such as cyclic steps, are
increasingly frequently observed in contemporary fluvial and marine sedimentary
systems. However, the number of observations of sedimentary structures formed
by supercritical flow bedforms remains limited. The low number of observations
might be caused by poor constrains on criteria to recognise these associated
deposits. This study provides a detailed quantification on the mechanics of a
fluvial cyclic step system, and their depositional signature. A computational fluid-
dynamics model is employed to acquire a depth-resolved image of a cyclic step
system. New insights into the mechanics of cyclic steps shows that: (1) the
hydraulic jump is, in itself, erosional, (2) there are periods over which the flow is
supercritical throughout and there is no hydraulic jump, which plays a significant
role in the morphodynamic behaviour of cyclic steps, and (3) that the depositional
signature of cyclic steps varies with rate of aggradation. Previous work has shown
that strongly aggradational cyclic steps, where most of the deposited sediment is
not reworked, create packages of backsets, bound upstream and downstream by
erosive surfaces. Here the modelling work is focussed on less aggradational
conditions and more transportational systems. The depositional signature in such

systems is dominated by an amalgamation of concave-up erosional surfaces and
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low-angle foresets and backsets creating lenticular bodies. The difference
between highly aggradational cyclic steps and low aggradation steps can be
visible in outcrop both by the amount of erosional surfaces, as well as the ratio of

foreset to backset, with backsets being indicative of more aggradation.

2.2 Introduction

Large quantities of sediment are transported by high-discharge events, such as
floods or jokulhlaup (Nordin and Beverage, 1965). Such events are prone to
Froude-supercritical flow, where surface waves cannot migrate upstream as the
flow velocity exceeds the wave-propagation velocity. Froude-supercritical
unidirectional sediment-laden flow over an erodible sediment bed leads to the
formation of bedforms such as antidunes (Kennedy, 1969; Alexander et al.,
2001), and at higher Froude numbers cyclic steps (Winterwerp et al., 1992;
Parker, 1996; Taki and Parker, 2005; Kostic et al., 2010; Cartigny et al., 2014).
Transitional bedforms, such as unstable antidunes and chutes-and-pools,
populate the bedform stability diagram at flow-intensities between antidunes and
cyclic steps (Alexander et al., 2001; Cartigny et al., 2014; Kostic, 2014).
Supercritical flow conditions in fluvial settings (which are open-channel flows)
creating supercritical-flow bedforms, have been reported in mountain streams
(Kostic et al., 2010), on glacial outwash planes (Lang and Winsemann, 2013) and
on beaches and dredging disposal sites (Winterwerp et al., 1992). Froude-
supercritical conditions are reached more quickly in sediment gravity flows, such
as turbidity currents and pyroclastic flows, due to the small density contrast
between the flow and the ambient fluid that reduces the wave-propagation
velocity. The large number of observations of Froude-supercritical flow related
bedforms on the seafloor, mainly found in submarine canyons and steep delta
slopes, reaffirms the prevalence of Froude-supercritical flows in marine settings
(Symons et al., 2016).

Developments in physical and numerical modelling of supercritical-flow
bedforms, (Kennedy, 1969; Jorritsma, 1973; Foley, 1977; Winterwerp et al., 1992;
Parker and Izumi, 2000; Alexander et al., 2001; Fagherazzi and Sun, 2003; Sun
and Parker, 2005; Taki and Parker, 2005; Fildani et al., 2006; Kostic and Parker,
2006; Alexander, 2008; Sequeiros et al., 2009; Spinewine et al., 2009; Kostic et
al., 2010 Paull et al., 2010; Cartigny et al., 2011; Kostic, 2011; Balmforth and
Vakil, 2012; Cartigny et al., 2014), have sparked a large number of observations

of supercritical-flow bedforms in modern systems (Fildani et al., 2006; Lamb et

37



Chapter 2

al., 2008; Duarte et al., 2010; Jobe et al., 2011; Hughes Clarke et al., 2012;
Babonneau et al., 2013; Maier et al., 2013; Covault et al., 2014; Fricke et al.,
2015; Tubau et al., 2015; Zhong et al., 2015; Normandeau et al., 2016; Symons
et al., 2016). Despite this common and well-documented occurrence of
supercritical-flow bedforms, outcrop examples of deposits indicating these flow-
conditions in a fluvial setting (Fielding, 2006; Duller et al., 2008; Fielding et al.,
2009; Ghienne et al., 2010; Lang and Winsemann, 2013) or in a (deltaic-) marine
setting (Postma et al., 2009; Postma et al., 2014; Ventra et al., 2015; Dietrich et
al., 2016) are sparse. The recent flurry of recognition of supercritical bedforms in
modern environments makes it implausible that sedimentary structures indicative
of these bedforms should be rare in deposits formed in comparable ancient

environments.

The sparsity of supercritical sedimentary structures is often attributed to poor
preservation potential of supercritical-flow-regime deposits, due to reworking by
subcritical flows in the waning stages of high-discharge events. Froude-
supercritical flows also tend to form in parts of the sedimentary system that are
net-erosive on a geological timescales, such as mountainous terrains (Middleton,
1965; Foley, 1977; Yagishita and Taira, 1989; Wynn and Stow, 2002; Fielding,
2006; Duller et al., 2008; Ponce and Carmona, 2011; Lang and Winsemann, 201 3;
Macdonald et al., 2013; Cartigny et al., 2014; Postma et al., 2014; Ventra et al.,
2015). An alternative explanation for the sparse recognition of supercritical

regime facies is that their depositional signature is poorly understood.

Transportational cyclic steps in open-channel flows, which are neither net-erosive
nor net-depositional (Parker and Izumi, 2000), have been modelled
experimentally in flume tanks (Taki and Parker, 2005; Cartigny et al., 2014), and
modelled numerically using depth-averaged models (Fagherazzi and Sun, 2003).
Cyclic steps in subaqueous settings have been modelled in flume experiments
(Spinewine et al. 2009) and with depth-averaging numerical models (Fildani et al.,
2006; Kostic and Parker, 2006; Kostic et al., 2010; Cartigny et al., 2011; Kostic,
2011; Covault et al., 2014; Kostic, 2014; Covault et al., 2017). These studies have
provided valuable insight in the development and mechanics of cyclic steps, by
exploring how average flow velocity, sediment concentration, and flow thickness
vary over the length of the bedform wavelength (Fig. 1). These depth-averaged
studies have also shown how the co-variation of these three average properties
leads to upstream migrating cyclic steps, caused by erosion beneath the

accelerating supercritical flow over the lee-side, and deposition beneath the
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subcritical flow over the stoss-side. The transition between the supercritical flow
regime and the subcritical flow regime is characterised by a hydraulic jump,
where the flow abruptly expands and decelerates. Little is known about the
vertical variation in flow velocity, sediment concentration, and turbulence, that
occur over a cyclic step bedform, because this variation is hard to constrain with
experimental measurements and averaged out in depth-averaged modelling
studies. These parameters are, however, crucial to linking flow dynamics to the
sedimentary architecture and facies variation over time and space. Moreover,
interpreting supercritical-flow processes from outcrops and cores is strongly

dependent on distinguishing small scale facies characteristics.

Fr<i1 Fr>1 Jump Fr<1 Fr>1 jump Fr<1
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Figure 1: A schematic drawing of a cyclic step system. The stoss-side of the cyclic
step is associated with a subcritical (Fr<1) and depositional flow. The lee-side of
cyclic step bedform is characterized by supercritical (Fr>1) and erosive flow. The
transition between supercritical and subcritical flow is marked by a hydraulic

jump.

The aim of this study is two-fold: (1) quantifying flow properties in a depth-
resolved manner to understand the mechanics of a fluvial cyclic step system, and
(2) linking the flow dynamics of a transportational cyclic step system to the
depositional signature to predict what type of deposits are expected to be
associated with cyclic steps. (3) The new depositional model for transportational
cyclic steps is then compared to a widely accepted depositional model of

(aggradational) cyclic steps.
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2.3 Methodology

Linking large-scale bedforms and associated facies to flow dynamics in a
numerical model is possible if the depositional and erosive processes are fully
resolved. Ideally such model would include a three-dimensional distribution of all
fluid and grain velocities, sediment concentrations and grain sizes. Such a model
would also take into account intergranular interactions between individual grains
and have a two-way coupling, in which sediment is affected by fluid motion and
vice-versa. Direct Numerical Simulations (DNS) are now capable of resolving all
these processes to the individual grain scale (e.g. Cantero et al., 2008; Soldati
and Marchioli, 2012; Kidanemariam and Uhlmann, 2014). However, DNS is
presently only viable for a small number of grains, in a relatively small spatial
domain, and at low Reynolds numbers, due to the high computational power
required for DNS. Because of the computational limitation on DNS, it is not a
feasible method to model cyclic steps in natural flows, which have high Reynolds
numbers, a large number of grains, and are to be simulated over a longer time-

scale.

Reynolds-Averaging Navier-Stokes (RANS)-models, like DNS models, employ the
Navier-Stokes equations: the mass-conservation and momentum-conservation
equations that describe the motion of fluids (Eq. 1.1-1.4 in appendix 2.1). Unlike
DNS, RANS-models do not solve the Navier-Stokes equations to the smallest
spatial and temporal scale at which eddies can occur, the Kolmogrov scale, but
solve time-averaged equations and use a turbulence model to approximate the
small-scale turbulence. By using a RANS-approach, the computational time can be
greatly reduced. Vertical variation is however maintained, in contrast to previous
depth-averaging models. In this study the RANS-model FLOW-3D® (FlowScience,
Santa Fe, New Mexico) is used, in combination with a two-equation k-
renormalisation group (RNG) turbulence model, applying the turbulent viscosity
assumption, for details see appendix 2.1. Basani et al. (2014) and Ge et al. (2017)

use the same model to simulate turbidity currents and can provide further detail.

2.3.1 Sediment transport models

Individual sediment transport models are used to compute bed-load transport
and suspended-load transport. Grain-grain interactions are not incorporated into

the suspension model, something which start to play a significant role at

40



Chapter 2

sediment concentrations >9 vol. % (Bagnold, 1954). Neither does the model take

into account any turbulence modification as a results of suspended sediment.

The onset of sediment movement depends on the shear stress exerted on the
bed, which mobilises the sediment, and the submerged weight of the grains,
resisting mobilisation. The bed shear stress is non-dimensionalised in the Shields
parameter (8 ), using sediment particle scales and fluid scales (Eq.2.1 in appendix
2.2). Sediment is transported if the local Shields parameter exceeds the critical
shields parameter (6 .,). The critical Shields parameter is described by the Shields-
curve, which is approximated by an algebraic expression as formulated in Guo
(2002; Eq. 2.2). The critical Shields parameter is corrected for slope effects (Eq.

2.4) as slopes in cyclic step systems can reach up to 15 degrees.

2.3.1.1 Bed-load transport

Bedload transport consists of the saltation and rolling of sediment along the bed,
and is modelled using the empirical equation (Eq. 2.6, 2.7) of Meyer-Peter and
Muller (1948). Meyer-Peter and Miiller tested is constructed based on observation
of grain-sizes down to 3mm. 350 um sediment is used herein. The Van Rijn
(1984) bed-load equation is tested down to 200 um, and thus is more appropriate
to grain sizes used herein. However, the Van Rijn equation was not availbe in the
FLOW-3D® package used, and we therefore had to use the Meyer-Peter and Muller
equation. Given that suspended load transport dominates over bed-load by an
order of magnitude, we agrue that the choice of bedload equation will not have
made a substantial impact on the overall outcome of the study. The use of the
specific bed-load transport equation will thus only have minor effecrs on the

outcomes of this study.

2.3.1.2 Suspended-load transport

Three aspects of suspended load transport are simulated: (1) sediment
entrainment into suspension, (2) sediment settling out of suspension, these two
opposing processes occur simultaneously, and (3) advection and turbulent

diffusion of sediment.

A sediment-entrainment flux is expressed as a lift velocity (Eq. 2.11), which is the
flux divided by the computational cell area (Mastbergen and Van Den Berg, 2003).
Similarly, the settling mass-flux of sediment is calculated using equation 2.12
(Soulsby, 1997). The suspended sediment concentration at a given location is

computed by solving a transport equation (Eq. 2.13).

41



Chapter 2

2.3.2 Simulation setup

To validate the model, the simulations are compared to an experimental study on
fluvial cyclic steps (Cartigny et al., 2014). Their flume setup in the EUROTANK

flume laboratory is here reproduced numerically. The focus is on two

experimental runs (9 and 15) which produced a stable train of cyclic steps.

Table 1: Details on the generated mesh of the simulated domain

Direction |Size Number of Cell size (min-
cells max)

X 12m 360 3cm

y 0.15m 3 5cm

z Im 38 1.8cm-8.5cm

The experimental flume is modelled using a meshed volume (Fig. 2) of 12m by
0.15m by 1m, in the x, y and z-directions (table 1). The width in the flow-normal
y-direction has been downsized to save computational time. Boundary conditions
consist of: an inflow condition, with a specified discharge, at the x=0m, an
outflow at x=12m, a no-slip wall condition on the Y,,, and Y,.,, boundaries, the

sides of the flume tank, and a wall on the Z,, boundary, the flume tank bottom.

FLOW-3D automatically computes the maximum possible numerical time-step
within stability limits and given minimum and maximum time-step. See stability
considerations and pressure stability equations in FLOW-3D manual (Flow Science,
2014) The minimum time-step is set at 10° second. The average time-step in the
simulations was 2.86 * 102 second.
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Table 2: Details on parameterisation of the simulations

2 Based on Mastbergen & Van Den Berg, 2003
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*Meyer-Peter and Muller relation, value based on Wong & Parker, (2006)

based on FLOW-3D release notes and manual (Flow Science, 2014)

Simulatio |Specific |sediment Entrainmen |Bed-load |Drag Angle |Packin |Initial Turbulen
n discharg |concentratio |t coefficient | coefficien | of g bed t length
e (m?/s) |n atinlet coefficient® |® t repos |fractio [inclinati |scale (m)
(vol %) e n o (deg)
(deg)
1 0.77 5.6 0.018 4° 1 32 0.64 0.5 0.01¢
2 0.93 5.6 0.018 40 1 32 0.64 0.5 0.01¢

A planar sediment bed of 350um diameter grains (medium sand) was placed on

the bottom of the modelled flume tank with a slope of 0.5 degrees. Near the

outflow boundary a non-erodible wedge is introduced to mimic a standing body

of water located at the flume expansion tank, which prevents excessive erosion.

The initially smooth sediment bed interacts dynamically to the flow conditions by

erosion and deposition. The EUROTANK is a recirculating flume and the current

numerical setup accounts for this recirculating nature by having an inflow

boundary conditions with a constant (and unlimited) supply of sediment of 5.6%

of the mixture by volume.

Numerical simulation 1 reproduced run 9 performed in the laboratory, with a

specific discharge of 0.077m?/s and grain size of 350um. Simulation 2

reproduced run 15, with a specific discharge of 0.093m?/s, and grain size of

350um (table 2 for details).
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Figure 2: The model setup as used for the simulations, flow over the bed is from
left to right. The experimental setup used in Cartigny et al. (2014) has a similar
geometry. The packed sediment bed is indicated in red, non-erodible components

are indicated in blue.

2.3.3 Validation of the model

The evolution of bed and water surface elevations display qualitative and
guantitative agreement between physical and numerical simulation (Table 3 and
Fig. 3). A series of cyclic steps formed spontaneously from the initially smooth
bed. Erosion and deposition in the model is validated by comparing the rates at
which the cyclic steps migrate. The period of bedform migration is 109 seconds
in the numerical model (humerical simulation 1), and 85 seconds in the
experimental results. Cartigny et al. (2014) suggest the period of migration of
cyclic steps in the simulations was generally between 80-120 seconds, a range
consistent with the numerical results. Unfortunately only time-series data from
the laboratory experiment is available. A geometrical analysis beyond comparing
the numerically generated deposit to photographs of the laboratory result was

not possible.
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Table 3: Comparison Froude numbers and migration period of experimental and

numerical results.

Simulation / Fre, Fryo Period migration
Experiment (s)
Experimental Run 9 |1.15 2.07 85

Simulation 1

1.46 (+21%)

2.25 (+9%)

109 (+30%)

Experimental Run 15

1.31

2.06

n/a

Simulation 2

1.39 (+6%)

2.21 (+7%)

118

As flow over a cyclic step is variable by nature, a comparison is made between

both the median and 90" percentile of the Froude number from the Froude

number time-series. Froude numbers of the numerical simulations appear to be in

close correspondence to the experimental models (Fig. 3), the Froude numbers

are generally <10% higher, there is however a 21% increase in median Froude

number in simulation 1. Based on the similarity in migration period and Froude

number variation the numerical model is assumed to give a valid representation

of the cyclic step process.
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Figure 3: Time series comparison between the experimental results of Cartigny et

al. (2013), run 9, and numerical simulation 1 of this study. The point of reference

is a stationary location in the flume, as the sediment waves migrate a time-series

is created. A: The bed-surface and free-surface elevation time-series in the

laboratory experiment. B: The bed-surface and free-surface elevation in the

numerical simulation. C: The Froude numbers of the experimental observations

D: The Froude numbers of the numerical simulation in this study.

2.4 Flow characteristics

The interactions between the flow dynamics and the bedforms morphology in
simulation 2 are here described in detail. The focus is on simulation 2, as the
data in Table 3 show simulation 2 is the closest match to the physical
observations. Supplementary video 2.1 shows the flow character and the
interaction with the bed, and visually complements the sections on Flow

characteristics and Morphodynamics.

2.4.1 General character

2.4.1.1 Observation

The simulated flow creates cyclic steps that are typically 1.5-2m in wavelength

and 10-15cm in amplitude, and are associated with flows of 5-15cm thick (e.g.
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Fig. 4). The flow character shows that a hydraulic jump is located in or around the
trough of the bedform, separating a supercritical flow on the lee side of the
bedform from a subcritical flow over the stoss side (Fig. 4). In the simulations it is
observed that the hydraulic jump is present 89% of the time, which is here
referred to as state 1. Flow is supercritical from crest-to-crest during the
remaining 11% of the time (state 2). When present, the hydraulic jump is located
upstream of the trough centre 50% of the time, at the trough centre 35% of the
time, and downstream of the trough centre 15% of the time. The hydraulic jump
is associated with coherent flow structures, such as stationary eddies, rollers,
where the water “rolls” around and changes direction (Fig. 1). These rollers are
associated with the hydraulic jump, and typically (80% of the time) located in the
upper half of the flow. The remaining 20% of the time a roller forms in the lower
half of the flow. The area in which rollers form is <50cm long, starting at the
initiation of the hydraulic jump, with the rollers themselves being 10-20cm long
and less than 10cm high. A transition from subcritical flow to supercritical flow is
present close the crest of the bedform on the stoss side of the cyclic step. The
average Froude number at the crest of the bedform in the simulation was 1.22

(+/- 0.15), based on an analysis of 29 individual cyclic steps.

24.1.2 Interpretation

The character of the flow over a cyclic step generally corresponds with that of
conceptual models based on laboratory experiments and field observations (Fig.
1; Winterwerp et al., 1992; Parker, 1996; Taki and Parker, 2005; Cartigny et al.,
2014). The transition from the subcritical flow regime to supercritical flow
regime, at a Froude-number of unity, is commonly presumed to be at the crest of
a cyclic step (Winterwerp et al., 1992; Parker, 1996; Taki and Parker, 2005;
Cartigny et al., 2014). The observations in simulations herein are however more
in line with classical hydraulic work which shows that the Froude number at the
crest of a curvilinear convex feature is expected to occur at Fr=1.19 (Rouse,
1936).
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Figure 4: Snapshots of the flow conditions in a cyclic step system, please note 2x
vertical exaggeration in the figures. A: The downstream-velocity field over a cyclic
step. B: The sediment concentration over a cyclic step. C: The turbulent kinetic
energy over a cyclic step. D: the excess shear stresses over a cyclic step in Pa

(black dots), fitted with a 5 pt. moving average curve in red.
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2.4.2 Velocity field
2.4.2.1 Observation

The flow accelerates over the bedform from just after the hydraulic jump up to
the next hydraulic jump. In the supercritical part of the velocities of 2 m/s are
reached on the lee side of the bedform, and the velocity maximum is located near
the free-surface. Within the region of the hydraulic jump a specific flow pattern
develops; a high velocity layer located near the bed, and a roller, associated with
negative downstream flow velocities, is located on top of this layer (Fig. 4A and
Fig. 5B1). In the subcritical part of the flow the flow velocities on the stoss side
range from 0.5-1 m/s.

2.4.2.2 Interpretation

The supercritical flow over the lee side of the bedform has a convex-downstream
velocity profile with a large velocity gradient, creating significant shear on the
sediment bed (Fig. 5B4 and 5B5). In the region of the hydraulic jump the velocity
profile is convex-downstream at the lowest section of the flow, and curved
convex-upstream at the top section of the flow (Fig. 5B1), this flow structure is
related to the rollers that develop in the hydraulic jump. The velocity profile
downstream of the hydraulic jump (Fig. 5B2 and Fig. 5B3) is not typical for open-
channel flow as it inherits the unusual velocity profile caused by the hydraulic

jump.

2.4.3 Sediment concentration
2.4.3.1 Observation

The average sediment concentration in the flow is 5.6% by volume. A clear
increase in sediment concentration over the supercritical lee side of the cyclic
steps is not observed (Fig. 4B and Fig. 5C). At the region of the hydraulic jump,
there is a clear difference in sediment concentration between the fast-flowing
near bed layer, with concentrations between 5-10%, and the upper part of the
flow, where sediment concentrations within the roller are less than 1% (Fig. 5C1
and 5C2). In the subcritical part of the flow the near-bed sediment concentrations

range from 5-10% by volume. Sediment concentrations decrease towards the free
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surface, where they reach near-zero values (Fig. 4B).
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Figure 5: Profiles through the flow, one cyclic step wavelength (A), based on time-
series data, showing downstream velocity (B), sediment concentration in (C) and

turbulent kinetic energy (D).

24.3.2 Interpretation

The lack of increase in sediment concentration over the lee side of the cyclic
steps is counterintuitive, as one might think that entrainment of sediment into
the flow increases the sediment concentration. However, the sediment discharge
is the product of the sediment concentration and flow velocity. And while depth-
average sediment concentration only increases from 7 to 9%, the sediment
discharge doubles over the lee side (Fig. 6F). This doubling shows that an

increasing velocity forms the dominant control on the sediment discharge and
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explains the counterintuitive sediment concentration trend. There is in an
increase in stratification in the subcritical part of the flow, the sediment settles,
causing higher sediment concentrations near the bed (Fig. 4B and Fig. 5C2 and
5C3).

2.4.4 Turbulence
2.4.4.1 Observation

Turbulent kinetic energy (TKE), the mean kinetic energy per unit-mass associated
with turbulent eddies, is of the order of 0.01-0.03 J/kg in the supercritical part of
the flow, with peak values near the bed where shear is highest (Fig. 5 D4 and D5).
These TKE levels are equivalent to 8-14 cm/s of turbulent velocity fluctuations
assuming isotropic turbulence. TKE is three to ten times higher (0.1 J/kg) in the
region of the hydraulic jump (Fig. 4C and Fig. 5 D1). The subcritical region has
the lowest turbulent kinetic energy, generally less than 0.01 J/kg.

2.4.4.2 Interpretation

Turbulence is generated in flow regions where shear within the flow is high (i.e.
the velocity gradient), such is the case at a hydraulic jump. Turbulence is the
mechanism through which sediment is suspended and dispersed in the flow.
Hence, in regions of high turbulence sediment not prone to settle, despite having
relatively high sediment concentrations. The combination of high turbulent
energy, inhibiting settling, and a relatively high shear on the bed at the hydraulic
jump is a likely cause for entrainment to outpace settling, causing the hydraulic

jump region itself to be erosive.
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Figure 6: Six time-series plots of different physical properties over a cyclic step

during one migration period. The properties are median or average properties

based on 12 individual cyclic steps. One full migration period is displayed on the

x-axis (0-1). The graphs display; A: average bed elevation and free-surface
elevation. B: median Froude number. C: median shear stress D: median depth-

integrated (cumulative) sediment mass. E: median near-bed sediment

concentration, where near-bed is defined as the 2 computational cells closest to

the bed. F: median downstream sediment flux (sediment discharge).
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2.5 Morphodynamics

Relating the flow dynamics to bed surface evolution is crucial to understand how
cyclic steps maintain their morphodynamic equilibrium. Described here are two
states observed in a cyclic step system between which the system alternates (Fig.
7). State 1 (89% of the time): there is a hydraulic jump present in the trough of
the bedform, the flow is supercritical at the lee side of the cyclic step, and
subcritical at the stoss side of the cyclic step. State 2 (11% of the time): the flow
is supercritical over the whole bedform and a hydraulic jump is absent, the flow
over the stoss side of the bedform decelerates and thickens, but not enough to
form a hydraulic jump. In state 2 the flow is still erosive over the lee side of the
bedform, and depositional over the stoss side. The topographic difference
between the trough of the bedform and the crest is lower in state 2 than in state
1. Supplementary videos 2.1 and 2.2 help to visualise and understand of the

morphodynamics more clearly.
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2.5.1 Flow state 1
2.5.1.1 Observation

Supercritical flow is limited to the crest and lee side of the cyclic step in flow state
1. The excess shear stress, the shear stress that exceeds critical shear stress for
movement on the bed (here 0.25Pa), increases from 5 Pa at the crest of the
bedform, to 13 Pa just before the hydraulic jump (Fig. 6C). An excess shear
stress larger than 0 does not mean there is overall erosion, but simply that there
is some sediment entrainment. It is the local balance between the sediment
entrainment flux, which increases with shear stress, and the settling flux, which

determines whether there is net erosion or net deposition.

The start of the hydraulic jump is typically located at the downstream end of the
lee side and is associated with the transition from the lee side to the stoss side.
The hydraulic jump is mildly erosive, illustrated by its location on the lee side

(Fig. 6A). The excess shear stress decreases gradually from about 13 Pato 5 Pa

within the region of a hydraulic jump (Fig. 6C and Fig. 4D).

After the flow has decelerated at the hydraulic jump, the flow slowly thins and
accelerates again, while depositing sediment at the stoss side. The shear stress in
the subcritical part of the flow is 4-5Pa (Fig. 6C). Both the increase in bed-height
and the decrease in sediment discharge (Fig. 6A and 6F) illustrate that the
Froude-subcritical region is depositional.

In state 1, more sediment is deposited nearer the trough of the bedform than at
its crest, causing the topography to decrease (Fig. 7D and 7E). As the topography

decreases, the hydraulic jump is washed out and disappears.

2.5.1.2 Interpretation

In state 1 the continuous acceleration of the supercritical flow over the lee side of
the bedform leads to increased bed shear stress. Upstream of the crest of the
bedform (0.95-1 on Fig. 6), shear stresses on the bed are low enough to allow the
settling of sediment to outpace entrainment of sediment. Downstream of the
crest of the bedform shear stress continuously increases, resulting in the
sediment-entrainment flux to exceed the settling flux, making the flow erosive, as
indicated by an increase in sediment discharge (Fig. 6F). The morphological effect
of the supercritical flow is a curve at the crest of the bedform towards a linear lee
side of the bedform.
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At the hydraulic jump erosion is caused by high shear stresses and increased
turbulence. High shear stress is explained by relatively high velocities near the
bed in the hydraulic jump region (Fig. 4A and Fig. 5 A1). Increased turbulence in
this region, caused by coherent flow structures, allows sediment to remain in
suspension and inhibits settling. The amount of sediment stored in the water
column increases over the hydraulic jump region (Fig. 6D). As a result the
morphological effect of the hydraulic jump is a transition from a steep and
strongly erosive lee side, through a concave trough, and to a depositional

upstream dipping stoss side.

In the subcritical flow region the sediment entrainment flux is smaller than that
of sediment settling flux, as low bed shear stresses limit the entrainment. The
low turbulence levels in the subcritical region causes the sediment picked up on
the lee side to settle. Sediment grains collect at the base of the flow before
settling (Fig. 6E), thereby causing flow stratification as a result of limited mixing.
The morphological response to this depositional subcritical flow region is an
increase in bed-elevation over the stoss side, with more sediment being deposited
close to the trough than near the crest, effectively decreasing the topography

between crest and trough, setting up the system to change to flows 2.

2.5.2 Flow state 2
2.5.2.1 Observation

In state 2, supercritical flow prevails over the entire bedform. Even though the
flow thickens over the stoss side of the bedform towards the crest, the flow
remains supercritical. The thicker supercritical flow on the stoss side is still

depositional with excess shear stresses ranging from 5-7 Pa.

More sediment is deposited at the crest than in the trough in flow state 2, thereby
increasing the topography (Fig. 7B). Such increased topography caused by
deepening of the trough and deposition on the crest triggers the formation of a
new hydraulic jump (Fig. 7B and 7C).

2.5.2.2 Interpretation

In state 2 the lee side of the cyclic step remains erosive. Notwithstanding the
supercritical flow conditions, the stoss side of the bedform is still depositional as

the settling flux exceeds the sediment entrainment flux.
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The morphological behaviour in state 2 is not unlike that of antidunes, because
more sediment is deposited near the crest than at the trough the topography of
the bedform to increases. When comparing the flow parameters with the bedform
geometry through empirical equations of Kennedy (1960), and Alexander et al.
(2011), it is clear that the bedforms are, however, not antidunes. An increase in
topography in flow state 2 sets up the system to create a new hydraulic jump and
return to flow state 1. The hydraulic jump forms at the crest of the bedforms and
migrates towards the trough. This alteration between two flow states, with
depositional patterns that inherently require an alteration from one state to
another, is also described in a carbonate ramp setting which is interpreted to
have backset beds formed by cyclic steps (Slootman et al. 2015). The cycle
alternating between flow states 1 and 2 appears to be an autogenous interplay
between bed topography and the flow, and is inherent to the depositional pattern

of the two flow states.

2.6 Depositional signature

Sedimentary structures can be indicative of palaeo-flow conditions and therefor
provide an aide to reconstruct the palaeo-environment. Hence it is important to
understand the formative processes of bedforms and their associated
sedimentary structures. Here the modelling results are used to directly link the
flow-process to the depositional product. The cyclic step simulations provide flow
conditions at the moment of deposition for each subgridded sediment parcel at
every time step, and hence the model not only builds up a series of sedimentary
structures, but is also able to link the individual parts of these sedimentary

structures with their flow conditions during deposition.

2.6.1 Architecture

The architecture of the deposit associated with a cyclic step system is dependent
on the rate of aggradation. The traditional depositional model of aggradational

cyclic steps is here thus compared with the new transportational model.

In an aggradational system the architecture consists of upstream-dipping
laminations (< 10°), called backsets, which form on the depositional stoss side of
the bedform (Fig. 9A) (Kostic and Parker, 2006; Spinewine et al., 2009; Yokokawa
et al., 2009; Lang and Winsemann, 201 3). The backsets onlap onto a composite

erosional surface at their upstream side, which forms the lower set-boundary. The
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backsets are truncated at their downstream side by a similar erosive surface,
forming the upper set-boundary.

The simulations in this study are not aggradational but transportational, this is
reflected by a different depositional architecture (Fig. 9B). The resulting
depositional architecture is an amalgamation of concave-up erosion surfaces and
small portions of preserved low-angle backsets and foresets creating mostly

concave-up lenticular bodies (Fig. 9B).

The development of the architecture of transportational cyclic steps in Fig. 9B is
seen in Fig. 8A-E. A deep trough that formed during washout of the hydraulic
jump is filled by sediment (Fig. 8B). The sediment laps onto the erosion surface as
a foreset with a downstream transitions into a backset (<5°). This creates a
concave-up deposit (Fig. 8B). A large portion of the deposited backsets is eroded
by the upslope migration of the successive bedform (Fig. 8A-E). The deposits
shown in Fig. 8B are mostly reworked in Fig. 8C, and only the deepest trough
infill near the initial onlap is preserved. These deepest trough deposits form
below the hydraulic jump. If the flow is supercritical throughout (state 2), steeper
backsets and more tabular backsets are formed (Fig. 8D). These steeper, tabular
backsets (<10°) are less likely to be preserved as they form near the crest, which
is more prone to erosion. During the transition from state 2 (supercritical
throughout), to state 1 (with hydraulic jump), erosion can occur on the stoss side,
leading to upstream truncation of the laminations.
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Figure 8: Panels A-E show the development of the depositional architecture of a

transportational cyclic step system at 50 second time intervals, with 10 second 10

time-lines within these intervals. Panels F-H display near-bed sediment

concentration, Froude number, and shear stress at the moment a sediment parcel

got deposited.
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Figure 9: Depositional architectures of aggradational cyclic steps, a generally
accepted model (9A) and more transportational cyclic steps (9B). The figure also
shows the inferred flow regime at which the deposits got formed. Please note that
the black lines are time-lines, and not necessarily laminations due to grain-size
breaks.

2.7 Sediment concentration

The sediment concentration at the moment of deposition over a cyclic step (Fig.
8F) is generally lower than 9% by volume. Deposits that form under subcritical
flow form at lower near-bed sediment concentration (~5%) than the deposits
formed under supercritical flow (~8%) (Fig. 8F). The flow is generally dilute (<9
vol. %) in all regions (Fig. 5C), implying turbulence is the dominant grain support

mechanism (Bagnold, 1954).
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2.7.1 Sediment concentration

The sediment concentration at the moment of deposition over a cyclic step (Fig.
8F) is generally lower than 9% by volume. Deposits that form under subcritical
flow form at lower near-bed sediment concentration (~5%) than the deposits
formed under supercritical flow (~8%) (Fig. 8F). The flow is generally dilute (<9
vol. %) in all regions (Fig. 5C), implying turbulence is the dominant grain support
mechanism (Bagnold, 1954).

2.7.2 Flow regime

Even though a cyclic step is characterised by supercritical flow over the lee side,
the deposits are predominantly formed in the subcritical flow regime (Fig. 8G).
Traces of bedforms associated with the subcritical flow regime, such as current
ripples, superimposed on the larger scale bedform could therefore be formed as
a consequence. Bedform stability diagrams indicate that flow over proximal
backset deposits are within the ripple regime (Van den Berg and Van Gelder,
1993). Ripples have been associated with subcritical flow after a hydraulic jump
in the distal part of hydraulic jump bars (Macdonald et al., 2013). Given the high
settling rate following the hydraulic jump such current ripples could initially be
climbing. Ripples are, however, not simulated in the numerical model due to a
lack of resolution. Deposition during supercritical flow conditions (state 2) also
result in a backset (Fig. 8G). Backsets deposited during supercritical flow onlap

further downstream than those formed at subcritical conditions and are steeper.

2.7.3 Shear stress

Cyclic step deposits show alternation in bed shear stress over time and space
(Fig. 8H). Variability in shear stress over time would lead to a variation in grains-
size from one backset stratum to another, creating lamination, and thereby
delineating individual backset strata. In general shear stresses at the moment of
deposition decrease from trough to crest (Fig. 9B). Deposits that form directly
after the rapid erosion, have lowest shear stresses as a roller forms below the
main flow (20% of the time), see Fig. 9B. In absence of a hydraulic jump, shear
stresses over the stoss side are relatively high and there is increased traction on
the bed where the deposits form (Fig 9B).

The simulations in this study show a decrease in shear stress over the stoss side

of the bedform (Fig. 6C). The decrease of flow competence (i.e. shear stress to
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pick up sediment) to carry sediment would thus lead to a downstream fining, as is
generally expected from a decrease in shear stress. Submarine cyclic steps are
also suggested to be downstream fining, but not because of decrease in shear
stress, as shear stress is suggested to increase over the stoss side (Postma &
Cartigny, 2014). The downstream fining, as described by Postma & Cartigny
(2014), would be caused by a decrease in capacity (i.e. turbulence to keep
sediment in suspension) of the flow to carry sediment; coarser sediment falls out
of suspensions more quickly leading to fining downstream. Both the capacity and
competence argument can be used to explain downstream fining (Hiscott,
1994a). Open-channel-flows and turbidity currents both can create cyclic steps,
but are in many ways different, in velocity-profile and concentration profile to
start with, and in shear stress pattern as a consequence. Both a decrease in flow
capacity and a decrease in flow competence can produce downstream fining, and
it is well possible that the two mechanisms play different roles in marine and

fluvial systems, but ultimately lead to a similar result.

2.8 Consequences for outcrop studies

Recognition of cyclic step deposits in outcrop is strongly dependent on the
preservation potential of the deposits, and whether cyclic step systems are
aggradational or transportational (Fig. 9). Deposits associated with strongly
aggradational cyclic steps have a significantly different depositional signature

than deposits resulting from transportational cyclic steps.

A highly aggradational cyclic step system in outcrop may resemble the deposit
such as seen in Fig. 9A, which represents an idealised deposit. There is a clear
sequence of backsets that are separated by a set boundary at the upstream side
and at the downstream side. Postma and Cartigny, (2014) suggest that the
backsets display a downstream fining caused by hindered settling at the hydraulic
jump and in increase in shear stress over the stoss side. Downstream fining
within sets results in a normal grading in the vertical due to progressively
upstream emplacement of the backsets. Such depositional signatures of
aggradational cyclic step systems are, however, uncommon in fluvial outcrops,
where clear sequences of continuously stacked backsets are absent due to a lack
accommodation space. In marine and deltaic settings accommodations space is
more readily available, and the character described above is observed in outcrop
Recognition of cyclic step deposits in outcrop is strongly dependent on the

preservation potential of the deposits, and whether cyclic step systems are
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aggradational or transportational (Fig. 9). Deposits associated with strongly
aggradational cyclic steps have a different depositional signature than deposits

resulting from transportational cyclic steps.

A highly aggradational cyclic step system in outcrop may resemble the deposit
such as seen in Fig. 9A, which represents an idealised deposit. There is a clear
sequence of backsets that are separated by set boundaries at the upstream side
and at the downstream side. Downstream fining within sets results in a normal
grading in the vertical due to progressively upstream emplacement of the
backsets. Such depositional signatures of aggradational cyclic step systems are,
however, uncommon in fluvial outcrops, where clear sequences of continuously
stacked backsets are absent due to a lack accommodation space. In marine and
deltaic settings accommodation space is more readily available, and the
character described above is observed in outcrop (Ventra et al., 2015; Dietrich et
al., 2016) and in shallow seismic imagery (Migeon et al., 2000; Migeon et al.,
2001; Normark et al., 2002; Fildani et al., 2006; Migeon et al., 2006; Flood et al.,
2009; Gilbert and Crookshanks, 2009; Heinio and Davies, 2009; Zhong et al.,
2015).

Cyclic steps that are transportational have a different depositional signature (Fig.
9B) than aggradational ones. The overall depositional signature is an
amalgamation of lenticular bodies bound by erosion surfaces. Similar to the
backsets formed in an aggradational setting, backsets formed in a
transportational setting are downstream fining. The deposited backsets are
reworked for a large part; on the downstream part by upstream migrating
erosion, and on the upstream part when the hydraulic jump gets washed out. At
the washout stage of a hydraulic jump the trough migrates upstream rapidly and
erodes underlying sediments creating a deep new trough. Sediments deposited in
this trough create a concave-up lens, with the best preservation potential of the
flow as the trough cut deep into the substrate, out of reach of subsequent
erosion. The concave-up bodies formed at low shear stress conditions, may be
associated with suspension fallout due to a decrease in flow capacity. Backsets
that form when the flow is supercritical throughout (state 2) are steepest, as they
enhance the existing topography. These backsets also form under relatively high
shear stress where there is traction on the bed, grain sizes in these backsets are
likely to be larger than average as fines will not be able to settle at these

conditions (decrease in flow competence). These transportational cyclic step
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deposits resemble those observed in small-scale laboratory experiments
(Yokokawa et al., 2009).

When comparing the simulated depositional signature to signature in the
geological record, it is important to appreciate differences of scale. Cyclic step
facies have been interpreted in outcrops of deltaic settings (Dietrich et al., 2016)
and glacial flood outbursts (Duller et al., 2008; Lang and Winsemann, 2013). In
these settings concave-up troughs are filled with diffusely laminated backsets.
The troughs are typically several metres long and the backsets within them vary
in steepness between 5-20° (Lang and Winseman, 2013; Duller et al., 2008;
Dietrich et al., 2016). In the numerical results show a very similar architecture,
but on a smaller scale. Both in this study and in outcrop distinct concave-up
troughs are filled by diffusely laminated foresets and backsets that dip 5°to 15°
(Fig. 9B). Erosion surfaces in the simulations dip in the order of 5° to 15° (Fig. 9B),
their abundance and the size of the preserved backsets is dependent on the rate
of aggradation. The faint stratification described in Duller et al. (2008) and Lang
and Winseman (2013), is likely due to a change in shear stress on the bed related
to the stages in which the flow is supercritical throughout. Dietrich et al. (2016)
show a series of upstream dipping backsets that are indicative of more
aggradational cyclic steps, as these backsets are not crosscut by an erosive
surface but rather a more continuous stack of backsets such as seen in Fig. 9A.
More aggradation yields fewer erosional surfaces as well as more preservation of
backsets relative to foresets.

It is important to keep in mind that this numerical method does not mimic all
processes that do occur in a natural setting. The model does not take into
account high-density flows (sediment concentrations >9%). At these higher
concentrations grain-to-grain interactions start to play an important role and
turbulence may be dampened. In this study only a medium sand is taken into
account, finer sediment and certainly muds behave differently from sands as
cohesive /electrostatic effects start to play an important role in their dynamics
(Baas and Best, 2008).

2.9 Conclusions

The depth-resolved numerical model allows a unique insight into the mechanics
of a cyclic step system, and the modelling results can be used to link the

mechanics to the depositional signature.
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The simulated cyclic steps generally adhere to existing conceptual models, with
Froude-supercritical flow over the lee side and Froude-subcritical flow over the
stoss side of the bedform. The hydraulic jump affects a large flow region and is
often itself erosive. A hydraulic jump is not always present, and the flow
occasionally is only supercritical, but still deposits at the stoss side. In absence of
a hydraulic jump the bedform amplitude is enhanced and leads to the formation

of a new hydraulic jump.

The depositional signature of a cyclic step system is dependent on the rate of
aggradation. In the case of high aggradation rate, a package of backsets, bound
upstream and downstream by erosive surfaces, can be found. In more
transportational systems, the deposited backsets will be reworked to a large
degree. The depositional signature of cyclic steps is dominated by an
amalgamation of concave-up erosional surfaces and low-angle foresets and
backsets creating lenticular bodies. This depositional signature is determined to a
large extent by the transient nature of the hydraulic jump as it migrates upstream
and downstream with respect to the trough location, and is occasionally washed
out entirely. Similar geometries are visible over a range of scales in outcrop
studies. Variation in shear stress at the moment of deposition, likely related to
presence or absence of a hydraulic jump, results in more pronounced backsets of

a distinct grain-size.
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Chapter 3: Formative controls on dune-scale
upstream-migrating bedforms in submarine

channels

This chapter is submitted to the journal Geology under the same name. It is co-

authored by Dr Matthieu Cartigny, Dr Michael Clare, and Dr Joris Eggenhuisen.

| did the numerical modelling, analysed the data, and wrote the manuscript.
Matthieu Cartigny provided help in discussing the results, Michael Clare helped
with the statistical analysis. All co-authors helped in reviewing and improving the
manuscript. The format of a geology paper is short, there is supplementary

material in appendix 3.

3.1 Abstract

Dune-scale upstream-migrating bedforms are abundant in submarine channels
worldwide. Such bedforms are an important building block for these major
conduits of sediment transport to the deep ocean; as dunes are for rivers. Unlike
rivers, the formative controls on upstream-migrating bedforms in submarine
channels are presently not well understood. It is thus unclear why such bedforms
are not ubiquitous, and locally disappear along stretches of channels. We test
hypotheses for the formation of upstream-migrating bedforms for the first time
using a depth-resolved turbidity current model. In contrast to previous studies,
we show that Froude-supercriticality is not sufficient to create upstream-migrating
bedforms. We find that an additional Shields and Richardson parameter
thresholds must be exceeded. These formative controls explain why slope and
grain-size are the key physical controls on the occurrence of upstream-migrating

bedforms.

3.2 Introduction

Turbidity currents, which flush submarine canyons, parallel rivers in their capacity
to transport sediment around our planet (Talling et al., 2012). Sediment transport
in rivers is dominated by downstream-migration of dunes (Best, 2005), whereas
submarine channels are dominated by upstream-migrating dune-scale bedforms

with a crescent-shape planform (Symons et al., 2016). River dunes are linked to
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formative processes following decades of monitoring and research, thus enabling
flow reconstructions from their deposits (Best, 2005). In contrast, the formative
controls on dune-scale upstream-migrating bedforms in submarine channels are
debated (Paull et al., 2010), which hinders confident interpretations of the flow
dynamics in submarine channels and their resulting deposits. Three criteria have
been proposed for the formation of dune-scale upstream-migrating bedforms
(UMBs): 1) Froude-supercritical flow (Cartigny et al., 2011; Kostic, 2011; Ohata et
al., 2017); 2) density-stratification within the flow (Postma and Cartigny, 2014;
Hughes Clarke, 2016); and 3) a measure of sediment transport (Parker and Izumi,
2000; Balmforth and Vakil, 2012; Ohata et al., 2017). These criteria are mainly
based on open-channel (i.e. river) observations, even though turbidity currents
have a different velocity and density structure to rivers (e.g. Altinakar et al.,
1996). We now briefly discuss these criteria and their application to turbidity

currents.

3.2.1 Froude criticality

UMBs form at supercritical Froude numbers (Fr>1; Alexander et al., 2001;
Cartigny et al., 2014) in open channels. Supercritical flow is also thought to be
important for UMBs created by turbidity currents (Covault et al., 2016). While new
field-scale monitoring (Hughes Clarke, 2016; Hage et al., 2018) has directly
linked upstream-migration of crescent-shaped bedforms to turbidity currents that
undergo a series of hydraulic jumps (‘cyclic steps’ sensu Parker, (1996)), the lack
of sediment concentration measurements inhibits the quantification of
densimetric Froude number. Therefore the specific role of Froude supercriticality

is unclear in the formation of UMBs.

3.2.2 Density stratification

Conceptual models suggest that dune-scale UMBs are related to turbidity currents
that are internally stratified (Postma and Cartigny, 2014). This hypothesis is
supported by acoustic imaging of a highly attenuated (denser) basal layers of
turbidity currents that caused upstream bedform migration (Hughes Clarke,
2016). The role of flow stratification on upstream-bedform migration in
submarine channels does, however, remain uncertain as no direct measurements

within such dense basal layers exist.
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3.2.3 Transport regime

UMBs associated with cyclic steps vary from net-erosional (Fildani et al., 2006;
Izumi et al., 2017) to net-depositional (Kostic and Parker, 2006). Modelling
studies have shown that erosion plays a key role in establishing an upstream
migrating train of cyclic steps, even in net-depositional settings (Parker and
Izumi, 2000; Balmforth and Vakil, 2012). This points to the importance of spatial
variations in sediment transport regimes. The sediment transport regime is
determined by the Shields parameter. The relation between the Shields parameter
and UMBs has so far only been discussed for open-channel flows (Ohata et al.,
2017).

3.2.4 Aims

Here, we systematically investigate the formative controls on dune-scale
upstream-migrating bedforms in submarine channels, to explain both their
widespread occurrence and their localised absence. We use a depth-resolved
numerical model that simulates vertical stratification, internal flow instabilities
and basal erosion (Basani et al., 2014). For the first time we aim to quantify the
role of the three hypothesised criteria for the inception of UMBs in submarine
channels: (1) Froude supercriticality, characterised by the densimetric Froude
number (Fr’); (2) internal density-stratification, characterised by gradient the
Richardson number (Ri,); and (3) the sediment transport regime defined by the
Shields number (8).

3.3 Methodology

We use a computational fluid-dynamics model (FLOW-3D®) that uses a Reynolds-
Averaging Navier-Stokes approach and accounts for both erosion and deposition.
This model has previously been used to simulate both turbidity currents (Basani
et al., 2014; Ge et al., 2017) and cyclic step instabilities in open-channel flows
(Vellinga et al., 2018). The model assumes: bedload transport following Meyer-
Peter and Miiller, 1948; suspended load transport with reference to bulk flow
advection; no grain-to-grain interactions; turbulence-induced sediment diffusion;
no turbulent modification by sediment; sediment entrainment according to
Mastbergen and Van Den Berg, 2003; and hindered sediment settling (see full

model description in Basani et al., 2014).

69



Chapter 3

Boundary conditions were based on the Squamish submarine delta, where direct
monitoring has linked turbidity currents to upstream-migration of bedforms
(Hughes Clarke, 2016) (appendix 3.1). In each run, a two hour-long turbidity
current was simulated over an inclined erodible bed with a metre-scale random
rugosity. The model space was 20 m vertical x 200 m horizontal (Fig. 1), with a
grid resolution of 0.1 m vertical x 0.4 m horizontal. One boundary condition
variable was systematically adjusted in each of the 23 runs within the following
ranges: incoming flow velocity (1.5-4.5 m/s); initial sediment concentration (2.8-
5.6 vol. %); incoming flow thickness (0.5-2 m); and initial slope (2.7-6.1°),
ds,=150um (appendix 3.2).

Each of the three hypothesised controlling criteria were quantified from the
model outputs (appendix 3.3 for equations). Depth- and time-averaged bulk
densimetric Froude numbers were calculated using the integral relation of Ellison
and Turner, (1959). We present median Froude number (Fr,, Fry) sensu Cartigny
et al., (2014). The Gradient Richardson number (Ri,) was used to define
stratification. Stratification is defined by a Ri,>0.25 at any height in the flow
profile (Howard, 1961; Miles, 1961; Armenio and Sarkar, 2002; appendix 3.4).
The Shields parameter is used to characterise the transport regime of the
sediment in the flow and on the bed. We present data for the 90" percentile of

the Shields parameter (6,,) to represent peak shear stresses for each model run.

70



Chapter 3

K-H instability

W far from bed

roll-wave

v 'V‘ﬁ&w direction
[ J upstream-migrating
Jbedform
b W
\

stratified wuth bedforms

sediment bed

/ K-H instability

flow direction roll-wave

stratified without bedforms

sediment bed

absence of internal
stratification

flow mixes downslope

unstratified without bedforms

sedimen'g bed sediment bed . )
Y 2 50 100 150 20090 100 110 120 130 90 100 110 120 130
N \ / horizontal distance (m)
£ diment tration
.S sediment concen :
& | e—— L sedimentbed
> 0% 1% 20 :l |dn.|terally stt)r.:t}ﬁed layer
location of velocity maximum U, |:| fiuteturbicitycurrent
[ ambient water

Figure 1: Model outputs of three different types of simulated turbidity currents.
Stratified flows that create upstream-migrating bedforms (top panels), stratified
flows that did not create bedforms (middle panels), and unstratified flows that did

not create bedforms (bottom panels).

3.4 Results

The upstream-migrating bedforms emerged in only 10 of the 23 runs (see
representative videos in the supplementary material). If UMB did form, then the
bedforms had a similar wavelength (10s of metres) and wave height (up to few
metres) to dune-scale UBMs at Squamish and in many other submarine settings
(Symons et al., 2016). We now explore each of the hypothesised criteria, to
understand how they relate to flows that did (N=10), or did not (N=13) create
UBMs.
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3.4.1 Froude supercriticality

All but one turbidity current were Froude supercritical (Fry,=0.86-1.7, Fro,=1.6-2.8;
appendix 3.2), also those that did not form UMBs. Therefore, Froude-
supercriticality does not necessarily give rise to those bedforms. There is no

relation between Fr, or Fry, and the formation of UMBs (Figure 2A&B).

3.4.2 Stratification

UMBs were not observed in unstratified flows (N=4; Fig. 2B and C). Only 10 of the
19 stratified flows produced UMBs (Fig. 2B and C). Therefore, internal
stratification seems required to generate UMB, but on their own Froude-

supercritical internal-stratified flows do not always generate the bedforms.

3.4.3 Transport regime

The 10 Froude-supercritical internal-stratified flows that created upstream
migrating bedforms consistently exerted high peak shear stresses on the bed
(840>2; Fig. 2A and C). We thus conclude that only Froude-supercritical and
internal-stratified flows associated with high bed shear stresses form dune-scale

upstream-migrating bedforms.
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Figure 2: Diagrams presenting which flows created dune-scale upslope-migrating
bedforms and which did not. A: plotted in Shields number versus Froude number
diagram B: plotted in Froude number versus gradient Richardson number
diagram. C: plotted in Shields number versus gradient Richardson number

diagram. D: 3D diagram using Shields, Froude and gradient Richardson numbers.
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3.5 Discussion

3.5.1 Not all Froude supercritical flows create upstream-migrating

bedforms

All but one simulated turbidity currents were Froude supercritical. It is
questionable, however, whether bulk Froude numbers are a useful descriptor for
internally stratified turbidity currents. Stratified layers within a flow can have
individual Froude numbers, for example the top layer of the flow might be in a
supercritical regime, while the denser basal layer might be in a subcritical flow
state (Dorrell et al., 2016). As it is the basal layer that shapes the bed,
characterising the flow by a bulk Froude number might not provide constrains on

this bedform-generating layer.

3.5.2 Flow stratification is essential for upstream-migration of dune-scale

bedforms

Previous depth-averaged modelling of turbidity currents has implicated the ratio
of sediment fall-velocity to initial flow conditions (concentration, velocity, and
thickness), slope, and bed shear stress as the formative controls on UMBs (e.qg.
Kostic, 2011; Covault et al., 2016). Given their depth-averaged nature, such
studies were unable to include the effects of stratification. With a depth-resolved
model, we show that only internally stratified turbidity currents created dune-
scale UMBs, and that an erosion threshold (8,,>2) must also be overcome. This
observation matches and quantifies both the conceptual model of Postma &
Cartigny (2014) and direct monitoring of field-scale turbidity currents by Hughes
Clarke (2016).

3.5.3 Erosion and the role of flow instabilities

A closer look at the erosional threshold reveals that erosion is strongly linked to
flow instabilities occurring in the basal flow layer. The basal layer of the stratified
currents is not constant in thickness, instead the basal layer is characterised by
downstream migrating pulses that strongly resemble breaking waves (Fig. 1).
Such instabilities are typical at stratification-interfaces of turbidity currents in
both the laboratory (Cartigny et al., 2013) and the ocean (Sumner and Paull,
2014), and have previously been linked to bedform formation (Tilston et al.,

2015). These instabilities could be formed by two processes. First, the instability
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could be triggered by downward propagation of the Kelvin-Helmholtz instability
in a lower layer: “bottom billows” (Negretti et al., 2017). Second, the instability
represents the formation of roll-waves on the interface. Such roll-waves are a
downstream-propagating instability found in Froude-supercritical flows, similar to
a bore (Cornish, 1934; Balmforth and Mandre, 2004). This instability curls in the
opposite (downstream) sense to the Kelvin-Helmholtz instability, which more
closely resembles the flow pattern observed in the results (Fig. 1), thus we favour
the roll-wave interpretation. The roll-waves have a profound effect on the velocity
and density structure of turbidity currents. This instability is associated with a
thickening of the denser basal-layer during the breaking wave phase of the roll
waves, and thinning between in waves (Fig. 1), which is similar to laboratory
observations (Cartigny et al., 2013). There is a significant relationship between
shear stress and the height of the velocity maximum (appendix 3.5). Shear
stresses are low beneath the breaking role waves when the velocity maximum is
far from the bed, hence the flow would be more depositional. Shear stresses
exceeds the threshold when the flow thins between the waves, because the
velocity maximum is then closer to the bed. Such “bursts and sweeps” of erosion
and deposition have been inferred from turbidite deposits (Chough and Hesse,
1980) and experimental studies (e.g. Sumner et al., 2008; Cartigny et al., 2013).
It is this “burst” between passing roll waves that trigger the 6,, threshold and thus
form an essential role in the formation of upstream-migrating bedforms. At high
Froude numbers, however, the breaking roll-waves become so strong that their
induced mixing reduces the internal-stratification needed for the bedforms. This
might explain the surprising absence of the bedforms at higher Froude number

flows.

3.5.4 Where is the “sweet-spot” for upstream-migrating bedforms in

turbidity currents?

Finally, we return to the three hypothesized controlling parameters (Froude
number, gradient Richardson number and Shields parameter) and relate them to
measurable parameters in submarine systems: slope and grain-size. Minimum
slope thresholds have been inferred for the formation of UMBs in natural systems
(McCave, 2017), which relate to the minimum slope angle required for Froude-
supercritical flow (Komar, 1971; Hand, 1974). We confirm here the existence of
an additional maximum slope threshold (Kostic, 2011; Zhong et al., 2015),
beyond which dune-scale bedforms will not migrate upstream, even under Froude

supercritical conditions. This upper-threshold explains the lack of UMBs in steep
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submarine gullies, compared to lower-angle submarine channels (e.g. Micallef
and Mountjoy, 2011). If slopes are too low, or sediment is too coarse, the peak-
Shields threshold (8,,) will not be met, even if a turbidity current is stratified;
hence UMBs do not form. However, if slopes are too steep, or sediment is too
fine, high velocity gradients promote mixing, thus inhibiting stratification and
restricting the formation of UMBs. We show here that there is a “sweet-spot” for
the formation of UMBs in submarine channels, requiring a combination of
previously hypothesized variables (Fig. 2). The combination of suitably steep
slopes and grain-sizes is typically found in proximal and axial submarine
systems, thus explaining the worldwide abundance of dune-scale UMBs in those
natural submarine channels. However, typical down-channel decreases in grain
size and slope are likely to explain the lack of dune-scale UMBs in the deep-sea

(Symons et al., 2016).
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Chapter 4: Frontal character of stratified
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4.1 Abstract

Turbidity currents are subaqueous particle-laden density currents, and play a
significant role in transporting sediment from continental shelves to the deep
sea. Turbidity currents are powerful, and can be destructive to subsea
infrastructure. The frontal part of turbidity currents is most destructive as it
travels at the highest velocity. The anatomy of this frontal part of the turbidity
current is still poorly understood due to a lack of high-resolution direct
measurements. Here we present the first direct measurements of the frontal part
of a turbidity current at an unprecedented spatial and temporal resolution. The
observed turbidity current is, however, stratified and has a wedge-shaped front
that hosts the fastest and densest part of the flow. This contrasts with the
boubous and slow fronts observed in laboratory experiments of (unstratified)
turbidity currents which have informed conceptual models. The observations are
integrated with previous measurements to produce a conceptual model of the
frontal structure of stratified turbidity currents. . Additionally, we compare this
new conceptual model with the existing models of stratified powder-snow
avalanches and stratified pyroclastic density currents. The frontal character of all
these flows are similar in shape, velocity and density structure, even though

powder-snow avalanches and pyroclastic density currents have much higher
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absolute flow velocities and density contrasts. The similarities in structure
between the three types of particulate density currents results from similar U,/U*-

ratios.

4.2 Introduction

Turbidity currents pose a hazard to the ever expanding network of seafloor
infrastructure that currently underpins telecommunication and energy supply. For
example, the 1929 Grand Banks earthquake triggered a submarine landslide that
transformed into a powerful seabed-hugging density flow (a turbidity current),
carrying 200 km? of sediment, and traveling at up to 19m/s (Heezen and Ewing,
1952; Nisbet and Piper, 1998). This turbidity current broke over 20 seafloor
telegraph cables that connected North America and Europe. Telecommunications
cables now play a far more important role in our daily lives than in the 1920s.
These cable networks now carry over 95% of global data traffic, which is the
backbone of the internet, cloud data storage, and financial transactions (Carter et
al., 2009). The search for oil and gas, and offshore renewable energy, has also
led to an increase in valuable and strategic infrastructure on the seabed. Damage
to this seabed infrastructure has serious economic and environmental impact
(Barley, 1999; Carter et al., 2009). It is therefore important to understand the
impact of turbidity currents on seafloor infrastructure, to mitigate risks (Bruschi
et al., 2006b; Clare et al., 2015b). Despite the importance of quantification of the
impacts of turbidity currents, measurements are sparse, as turbidity currents are

notoriously difficult to monitor directly (Talling et al., 2012).

The few direct measurements available suggest that the front of the turbidity
current is the most powerful, as it is the fastest and densest part of the flow (Xu
et al., 2004; Khripounoff et al., 2012; Xu et al., 2012; Hughes Clarke, 2016;
Azpiroz-Zabala et al., 2017). These first measurement also suggest that the front
of turbidity currents is relatively thin compared to the trailing flow (Puig et al.,
2014; Azpiroz-Zabala et al., 2017; Symons et al., 2017). Previous measurements
have, however, not been able to measure velocities or sediment concentrations in
the basal few metres of the flow, where the velocities and sediment
concentrations are expected to reach their maximum values. Though limited in
detail, the frontal structure of these turbidity currents resembles that of other
stratified density currents such as powder-snow avalanches and pyroclastic
density currents. Such similarity points to the importance of flow stratification on

the frontal structure of these particulate density flows.
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Both powder-snow avalanches and pyroclastic density currents display two end-
member flow modes: (1) a homogenous, dilute and turbulent current with a
bulbous and dilute front (Fig. 1A and C) (e.g. Voellmy, 1955; Simpson, 1987,
Branney and Kokelaar, 2002; Kohler et al., 2014), and (2) a current that is
internally stratified with a dense and wedge-shaped front (e.g. Simpson, 1987;
Branney and Kokelaar, 2002; Sovilla et al., 2015; Breard et al., 2016) (Fig. 1B and
D). Geologists have long inferred that turbidity currents could also be internally
stratified (Kuenen and Migliorini, 1950; Dzulynski and Sanders, 1962; Kneller and
Branney, 1995; Haughton et al., 2009). Denser basal layers in stratified turbidity
currents have recently also been directly observed (Sumner and Paull, 2014;
Hughes Clarke, 2016). However, the implications of stratification on the frontal
structure the turbidity currents remains poorly constrained as the fastest and

densest part of the basal layer has not previously been monitored.

In this contribution, we seek to directly measure the frontal structure of stratified
turbidity currents, and then compare them to the structure of other particle-laden
stratified density currents. We first analyse the frontal structure of a man-made
turbidity current created by the discharge of dredged sediments in the Western
Scheldt. The measurements from this flow are made by high-frequency (1200
kHz) current profilers and enable us for the first time to observe the basal and
frontal part flow in detail. The observations show the shape, velocity and density
structure of the turbidity current front. We then compare these observations with
those previously presented in literature to produce a new conceptual model for
the frontal structure of a stratified turbidity current. Finally, we compare the
structure of these turbidity currents to that of snow avalanches and pyroclastic

flows and derive generalised models for different density flow structures.
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Figure 1: An array of available conceptual models and schematics on the
characteristics of different types of particle-laden density currents. Left column
shows dilute, homogenously mixed and fully turbulent currents. Right column
shows currents that have internal density-stratification. Three different particle-
laden density currents (powder-snow avalanches, pyroclastic density currents, and
turbidity currents) are each divided into two end-members: (1) a dilute current and
(2) a current with a denser basal layer. A1: photograph image of powder snow
avalanche with thick front (Hopfinger, 1983), A2: conceptual image of a powder-
snow avalanche (Hubl et al., 2002), B1: drawing a powder-snow avalanche with a
dense basal layer based on RADAR data (Sovilla et al., 2015), B2: conceptual image
of a flow avalanche (Simpson, 1999), C1: photograph of pyroclastic surge at St.
Augustine Volcano (Maurice and Katia Kraft), C2: conceptual image of a pyroclastic
surge (Branney and Kokelaar, 2002), D1: sketch of a stratified pyroclastic density
current based on a laboratory experiment (Breard et al., 2016) D2 conceptual
image of a pyroclastic flow (Branney and Kokelaar, 2002),E1: photo of a laboratory
experiment of a dilute well-mixed turbidity current (Maurice Garcia). E2:
conceptual image of turbidity current based on dilute lab experiment (Middleton,
1993), F1: direct observation of a stratified turbidity current at Squamish Delta
(Hughes Clarke, 2016), F2 conceptual image of a high-density turbidity current,

with denser basal layer, T is where the flow is turbulent (Haughton et al., 2009).

4.3 Methods

This study uses direct monitoring data of a man-made turbidity current of high
spatial and temporal resolution. The turbidity current was generated by a dredger
discharging sediment on a subaqueous slope. The dredger used here was part of
an experiment to trigger a flow slide (Mastbergen et al., 2016). The turbidity
current was monitored from a ship equipped with two different acoustic imaging
instruments: (1) a 1200 kHz Acoustic Doppler current profiles (ADCP), and (2) a
500 kHz multibeam multimode sonar (M3). The experiment took place in the
Western Scheldt Estuary, at the southern margin of a sandy shoal de Plaat van
Walsoorden (Fig. 2), in The Netherlands, on 1 and 2 October 2014.
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l/l/esfern Scheyy

Figure 2: An overview of the location of the study area, in the Western Scheldt

Estuary, at the southern margin of the Plaat van Walsoorden

4.3.1 Experimental setup

The dredger Zeeland discharged 325m?* of sediment through its bottom doors
and thus created a turbidity current flowing downslope (Fig. 3, detailed map in
Appendix 4.1). Monitoring ship Geosurveyor XI (GEOXI), equipped with acoustic
monitoring instruments, was located 50m south of Zeeland, in the path of the
turbidity current (Fig. 3). The Geosurveyor XI (GEO XI) drifted north at 15cm/s
while monitoring the turbidity current, and drifted over the lee-side of a bedform
during this period. Analysis of geomorphological features in the study area, and a

timetable of all bathymetric surveys and events is presented in appendix 4.
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Schematic overview experimental setup in the Western Scheldt
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Figure 3: An overview of the experimental setup during the experiment. Dredger
Zeeland is located upslope of the GEOXI when it releases sediment to create a
turbidity current. The Geosurveyor Xl (GEOXI) is equipped with several acoustic
devices and monitors the turbidity current passing under the boat. A detailed

plan view image is found in appendix 4.1

4.3.2 Acoustic imaging instruments

Flow measurements of the turbidity current were acquired using the following two

instruments.

4.3.2.1 Acoustic Doppler Current Profiler (ADCP)

A 1200 kHz ADCP was attached to the GEO X/ (table 1) by a pole, and is located
1.8m below the water surface. The ADCP’s four beams each image a conical
volume of the watercolumn, which is partitioned into vertical “bins” of 25cm (Fig.
3). These 25cm bins are of the same resolution as the data used in Hughes Clarke
(2016), but of higher resolution than the often 100cm bins resulting from 300
kHz ADCPs often used for flow monitoring (e.g. Khripounoff et al., 2012; Azpiroz-
Zabala et al., 2017). The ADCP provides a time-series of measurements every 3s,
similar again to Hughes Clarke (2016) and Azpiroz-Zabala et al., (2017), but very
different to the 1200s in Khripounoff et al., (2012). The ADCP used has a side-
lobe interference distance of approximately 1m, which means data from the

bottom metre could be unreliable. Velocity error analysis of this bottom 1m,
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however, does not suggest the data is less valid than the data above the bottom

I1m and thus is presented here, as for example also in Hughes Clarke (2016).

The ADCP measurements are used to reconstruct the velocity structure of the
front of the turbidity current. The ADCP measures flow velocities in three
principal directions: north, east and up, for all 25cm bins. A velocity vector is
then calculated in the mean flow direction, which is also corrected for tidal
currents (appendix 4.6).

This study also analyses the sediment distribution structure in the turbidity
current using the acoustic impulse that is reflected back (backscatter). The
backscatter intensity is a function of both the amount of sediment in the water
column, and the grain-size of that sediment. Here we assume a set grainsize
throughout the flow and link all backscatter variation directly to variations in
sediment concentration using the implicit iterative inversion method (appendix
4.7). This method assumes that: (1) All acoustic energy reflected by a sediment
grain is not attenuated by sediment on its way back from the reflection to the
transceiver and (2) grain size does not vary within the flow, as in previous work
(Azpiroz-Zabala et al., 2017; Simmons et al., 2017). The first assumption is
reasonable for dilute flows but becomes more tenuous at higher sediment
concentrations (near the bed). The second assumption is reasonable as the
sediment in the estuary is characterised by a narrow grain grain-size distribution
(dso/d,o=1.6; Mastbergen, 2015). Additionally, the calculated sediment
concentration are linearly proportional to an instrument-specific constant
(k).Unfortunately, the instrument-specific constant (k,) is unknown for our ADCP.
Therefore only a relative sediment concentration is constructed, with p =1 being
highest concentrations measured in the flow and p =0 being a sediment
concentration of 0.

4.3.2.2 Multibeam Multimode Sonar (M3)

GEO Xl was equipped with a M3 sonar (table 1), which was also mounted to a pole
attached to the ship. The M3 creates backscatter images of the shape of the flow,
every second. These M3 differs from the ADCP image as it has a series of 256
beams spread over a line source. These beams measure the backscatter over a
sheet with a field of view that is 120" wide, 3" thick over a range of 25m. M3
images thus capture the evolution of the two-dimensional shape of the front of

the turbidity current over time. Additionally, we have constructed a M3 time-
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series by extracting the centre beam from each consecutive image. These time

series can then be directly compared to the ADCP time series.

Table 1: Instrument specification of the instruments used in this study.

Instrument Vessel Configuration Frequency Spatial Temporal Field of
Name Resolution Resolution Vview
Teledyne | | 10m above the |
Acoustic Geosurveyor bed, 1224 kHz Vertical: 3s 20°
Doppler X Downward- 25cm
Current Profiler looking profile
(ADCP)
Kongsberg | | 10m above the |
Multibeam Geosurveyor bed, 500 KHz Vertical: Is 3" x
MultiMode (M3) X Downward- 6cm 120°
sonar looking

transect

4.4 Results

The aim of this study is to characterise the shape, velocity and density structure
of the front of a stratified turbidity current. Measurements from the ADCP and M3
multibeam sonars are now presented individually. Finally, the two datasets are
integrated to construct a detailed picture of the frontal structure of the stratified

turbidity current.

4.4.1 Acoustic Doppler Current Profiler measurements

The distribution of the sediment concentrations resulting from the acoustic
inversion are shown in Figure 4A. Relative sediment concentrations are the
sediment concentration as a fraction of the highest measured sediment
concentration in the turbidity current. Highest relative sediment concentrations
(p=1) are found at basal part of the front of the turbidity current (Fig. 4A). A
denser layer (p>0.8) is present at the near the bed, during the first 150s of the
flow. Stratification is most pronounced in the frontal 25 seconds and then
becomes more gradual during the later parts of the current, as indicated by a
higher sediment concentration gradient in the front of the turbidity current (Fig.
5). The turbidity current thickens to <4 m during the first 50s, after which the
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flow has a near constant thickness. The relative sediment concentrations
decreases towards the top of the flow, and also towards the tail of the flow. The

turbidity current appears to thin in the last 50s of its duration.

The overall velocity structure of the turbidity current as observed by the ADCP
can be seen in Figure 4B-C. The turbidity current lasted approximately 200s. The
maximum observed flow velocity is 1.2 m/s and occurred in the front of the
turbidity current (Fig. 4B), near the bed (bottom 25cm). The average velocity in
the turbidity current is 0.5 m/s. The water column just in front and on top of the
flow is characterised by upward-directed velocities of 0.1 m/s. These upward
velocities are followed by downward directed vertical velocities of an equal

magnitude indicating the presence of large rolling vortices (Fig. 4C).
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observed in the flow and 0 is no sediment). B: The flow-parallel velocity. C:
Vertical velocity in the water column, where positive (red) is up and negative is
down (blue) D: Time-series of backscatter through the middle beam of the M3
transect, the acoustic beam goes over a bedform at 75-125s. E: A schematic

interpretation of the character of the turbidity current as observed in panels A-D.
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Figure 5: sediment concentration and sediment concentration gradients at the
front (first 25s), body (second 75s) and tail (last 50s) of the observed
turbidity current.

4.4.2 Multibeam multimode sonar (M3)

The backscatter intensity time series of the M3 shows that the front of the
turbidity currents is relatively thin compared to the body (Fig. 4D). The front has
highest sediment concentrations, as backscatter intensity is higher (assuming
uniform grain-size distribution). The sediment concentration in the turbidity
current is at its highest in a near-bed layer. The sediment concentration decreases
gradually over time, until it reaches background backscatter levels (after 200s in
Fig. 4D). Finally, we compare the time series measurements with the
instantaneous transect images (Fig. 5). The M3 transect image shows that the

turbidity current has a more wedge-shaped front than outline produced in the
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time series. Kelvin-Helmholtz (K-H) instabilities are visible on the top of the
current (Fig. 6). The consecutive transect images enable us to measure a front
velocity of 2.5 m/s, which is doubles the highest velocity seen in the ADCP time

series.

schematic representation
K-H instability

\o°° ’

turbidity current '

K-H instability
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Figure 6: Four snapshot flow-transect images taken at 5s interval, and a
schematic representation of the turbidity current as observed through the 500
kHz Multimode-multibeam sonar (M3). The images are downward looking
transects of the turbidity current that flows from right to left. K-H (Kelvin

Helmholtz) instabilities are visible at the top of the turbidity current.

In short, the structure of this stratified turbidity current can be summarised as
(Fig. 4E):

e The front of the turbidity current is wedge-shaped (Fig. 6).

e The front of the turbidity current is the fastest-moving part of the flow (Fig.
4B).

e The front of the turbidity current is the densest part of the flow (Fig. 4A).

e The front of the turbidity current is most strongly stratified; it has a denser
basal layer overlain by a more dilute area (Fig. 4A, 5). Further back, the
stratification becomes less pronounced.

e Kelvin-Helmholtz instabilities are present at the top of the turbidity current
(Fig. 6).
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4.5 Discussion

A comprehensive new conceptual model of the frontal structure of a stratified
turbidity current is presented based on data presented here and previously
published data. This new conceptual model is then compared with models of the
other density currents with a denser basal layer such as powder-snow avalanches
and pyroclastic density currents.

4.5.1 Frontal structure of stratified turbidity currents - a conceptual
model

A new conceptual model of a stratified turbidity current is constructed based on
the direct measurement of this study and of other direct monitoring studies (Fig.
7). The new model is characterised by a wedge-shaped front of the turbidity
current (Puig et al., 2014; Sumner and Paull, 2014; Azpiroz-Zabala et al., 2017,
Symons et al., 2017; Fig. 5 this study). The front is the fastest (Xu et al., 2004;
Khripounoff et al., 2012; Xu et al., 2012; Hughes Clarke, 2016; Azpiroz-Zabala et
al., 2017; Symons et al., 2017; Fig. 4 this study) and densest (Symons et al.,
2017; Fig. 4 this study) part of the current, and displaces ambient water upwards
(Fig. 4 this study). The current is stratified (Sumner and Paull, 2014; Hughes
Clarke, 2016; Azpiroz-Zabala et al., 2017; Symons et al., 2017; Fig. 4, 5 and 6
this study): a denser layer is overlain by a more dilute layer, there may be (roll-
waves) instabilities on the interface between those two layers(Sumner and Paull,
2014; Hughes Clarke, 2016). Kelvin-Helmholtz-instabilities are present on at the
top of the flow(Hughes Clarke, 2016; Fig. 6 this study).

The directly measured turbidity currents used to construct the conceptual model
are different in scale, they range from turbidity current of many tens of metres
thick and lasting for days (Azpiroz-Zabala et al., 2017) to turbidity currents that
are a few metres thick and last several minutes (this study; Hughes Clarke, 2016),
and anything in between. Despite the differences of scale the observations are
surprisingly coherent, and thus lead to a comprehensive model that appear
applicable over a wide range of settings.

The new model of stratified turbidity currents (Fig. 7) differs from the previous

models available in the literature (e.g. Fig. 1F2). ). These literature models are
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strongly based on experimental studies where the flow front is bulbous and dilute
(e.g. Postma et al., 1988; Shanmugam, 2000; Haughton et al., 2009). Rather,
direct observations show the front of stratified turbidity current is wedge-shaped
and the densest part of the flow (Fig. 6, 7, 8F), similar to that of stratified
powder-snow avalanches and pyroclastic density currents (Fig. 8B and D). The
front of the stratified turbidity currents is the fastest and densest part of the flow
(Xu et al., 2004; Khripounoff et al., 2012; Xu et al., 2012; Hughes Clarke, 2016;
Azpiroz-Zabala et al., 2017; Symons et al., 2017), and also the densest. The front
of the current also clearly displaces ambient water upwards as observed by the
vertical velocity measurements in this study. Kelvin-Helmholtz instabilities are
clearly present on the top-interface of the turbidity current, but internal
instabilities are also observed in Sumner and Paull (2014) and Hughes Clarke
(2016) studies.

The new model implies that the shape of the turbidity current front is directly
linked to flow stratification. A wedge-shaped front infers a stratified dense
turbidity current, and a bulbous-shaped front infers a homogenously mixed
turbidity current. Furthermore, from an applied geohazard risk point of view, the
front of a stratified turbidity current poses the largest hazard. It has the highest
flow velocities and densities, and will therefore generate the highest impact
forces on infrastructure. The front of the turbidity current is, however, relatively
short lived (minute in small systems, such as Squamish, to hours in larger

systems, such as Monterey Canyon or Congo Canyon).
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Conceptual model of a stratified turbidity current
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Figure 7: Conceptual model of a turbidity current with a denser basal layer. The
model is based on the direct measurement of the turbidity current in this study
and direct observations of turbidity currents described in literature.

4.5.2 Comparing stratified turbidity currents with other stratified
particle-laden density currents

Comparing stratified turbidity currents with stratified powder-snow avalanches
and stratified pyroclastic density currents is reasonable as all three flows belong
to the family of particle-laden density currents. Non-stratified and dilute turbidity
currents behave in many ways similar to dilute (airborne) powder-snow
avalanches (e.g. Simpson, 1982; Meiburg et al., 2012) and (dilute) pyroclastic
surges (e.g. Simpson, 1982) (Fig. 1A,C and E). The perceived difference flow
structure of stratified turbidity currents relative to stratified powder-snow
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avalanches stratified pyroclastic density currents is thus peculiar (Fig. 1B, D and
E).

Table 2: An overview of the key similarities and differences of the front of three
different types of density currents with a denser basal layer. Superscripts refer to:
1 (Simpson, 1999), 2 (Sovilla et al., 2015), 3 (Branney and Kokelaar, 2002), 4
(This study), 5 (Puig et al., 2014), 6 (Sumner and Paull, 2014), 7 (Azpiroz-Zabala
et al., 2017), 8 (Symons et al., 2017),9 (Breard et al., 2016), 10 (Hughes Clarke,
2016), 11 (Khripounoff et al., 2012), 12 (Xu et al., 2004), 13 (Xu et al., 2012), 14
(Kohler et al., 2018), 15 (Cartigny et al., 2013), 16 (Turnbull and McElwaine,
2007), 17 (Issler, 2003), 18 (Dade and Huppert, 1996), 19 (Xu et al., 2014). 20
(Issler, 1998). 21 assumes quartz grains of range 100u m-2500um in air 22
assumes quartz grains of range 100um-2500um in water. 23. Assuming shear
velocity is proportional to typical mean flow velocity (5-10%).

Stratified powder- Stratified pyroclastic Stratified turbidity

snow avalanche (flow density current current
avalanche) (pyroclastic flow)
Front shape Wedge-shapel? Wedge-shape? Wedge-shape*>&72
Peak velocities At front? At front® At front##&10,11,12,13
Peak densities Just behind front? At front? At front?
Instabilities K-H instabilities, roll- More billowing K-H instabilities**1° and
waves>4 appearance / lofting? roll-waves®!°?

Absolute velocity 10-100 m/s® 10-200 m/s? < 1-7 m/s*6810.11,12,13
Current density contrast 20-50V 5-50°18 1.0004-1.151019
Pcurrent/ Pambient
Current density
difference 20-50kg/m? 5-50 kg/m3 0.4-100kg/m?
Pcurrent = Pambient
Settling velocity (us) 0.5-2 m/s*® 0.05-1.8m/s?! 0.001-0.2 m/s*
Shear velocity estimate 0.5-10 m/s? 0.5-20m/s%* 0.05-0.7m/s*
(U*)
U,/U* 0.05-4 , mean: 0.2 0.0025-3.6: mean 0.1 0.0014-40 mean: 0.3
Other “Erupting” front? Buoyant hot gasses?,

intermediate layer®

Table 2 compares the direct observations of stratified turbidity currents with
observation of powder-snow avalanches and pyroclastic currents. The shape of
the front, density structure and velocity structure are similar in the three density
currents (table 2; Fig. 8 B, D and E). This similarity suggests that the three
stratified flows are controlled by similar flow processes. Granular flow is present
at the base of flow avalanches (Gauer et al., 2008; Louge et al., 2011; Kohler et
al., 2018), and at the base of pyroclastic flows (Branney and Kokelaar, 2002;

Breard et al., 2016). It could therefore be inferred that granular flow processes
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also play a key role at the base of stratified turbidity currents. Additionally,
granular flow has previously been proposed to play a role in stratified turbidity
currents (e.g. Lowe, 1982; Kneller and Branney, 1995; Meiburg et al., 2012). (e.g.
Lowe, 1982; Kneller and Branney, 1995; Meiburg et al., 2012). The overall
anatomy of a stratified turbidity current is still poorly constrained by both
experimental or numerical studies due to scaling issues and a lack of
understanding how denser basal layers interact with dilute layers, respectively
(Cartigny et al., 2013).

The observations shows that the denser basal layer in stratified turbidity currents
is faster than the overlying cloud. The basal layer is thus not driven by the
overlaying cloud. This is an important distinction as this makes these basal layers
different from previously proposed traction carpets (e.g. Lowe, 1982; Hiscott,
1994; Sohn and Hiscott, 1995), but and more like a modified grain-flow (Lowe,
1976; Cartigny et al., 2013).

They key difference between the three particulate densities currents is the
absolute velocity (Table 2). The velocity is related to the different fluids; water for
turbidity currents and air for powder-snow avalanches and pyroclastic density
currents. The differences in ambient fluid control the density contrast as well as
the density difference. The current density contrast (p curen/ P amvient) iN Subaerial
flows such as pyroclastic density current or powder-snow avalanche is much more
than that in subaqueous flows such as turbidity current (Table 2). In contrast, the
current density difference (p curen -p amvienc) 1S Similar between all three density
currents. The similarity in driving forces between the different flows implies that
the difference in resisting (drag) force is the main control on the large difference

in flow velocities (Table 2).

All three density currents display stratified and mixed modes, despite the
difference in absolute flow velocity. Particulate density flows are unstratified if the
particle settling velocity (U;) is low relative to how fast particles to mix due to
turbulence, for which U*, the shear velocity, is a proxy. Particles in powder-snow
avalanches and pyroclastic density currents settle ~10 times faster than the
sediment in a turbidity currents (Table 2), because of the low viscosity of air
relative to water. Yet, all three currents have similar U,/U* ratios (Table 2). The
similar ratios are produced due to the much higher velocities and shear velocities
in pyroclastic density currents and power-snow avalanches. All three types of
currents can thus potentially be stratified depending on local conditions, despite

their differences in absolute flow velocity and particle fall velocity.
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Figure 8: schematic conceptual models of different particle-laden density
currents. The three groups of density currents are divided into two flow regimes
well-mixed (first column) and stratified (second column). A: airborne powder-
snow avalanche, based on (Voellmy, 1955a; Simpson, 1999). B: a flow (denser)
avalanche, based on (Hopfinger, 1983; Simpson, 1999; Gauer et al., 2008; Sovilla
et al., 2015). C: a pyroclastic surge, based on (Wohletz and Sheridan, 1979;
Branney and Kokelaar, 2002). D: a pyroclastic flow based on (Branney and
Kokelaar, 2002; Breard et al., 2016). E: A dilute turbidity current based on (Allen,
1985; Middleton, 1993). F: the new conceptual model of the front of a stratified
turbidity current (taken from Fig. 6)
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4.6 Conclusions

Turbidity currents are powerful and can be destructive to seafloor infrastructure
(Carter et al., 2009) and the devices monitoring them directly (Paull et al., 2010;
Lintern et al., 2016). Though the front of the turbidity current has most impact, it
is poorly understood due to limited resolution in previous direct monitoring
studies. This study firstly aimed to characterise the front of stratified turbidity
currents. Secondly, the frontal character is compared with that of stratified
powder-snow avalanches and pyroclastic density currents. The front of stratified
turbidity currents differs in structure from that of a homogenous dilute turbidity
current (two end members), just as homogeneous and stratified powder-snow
avalanches and pyroclastic density currents display a different frontal character.
The front of stratified turbidity currents is wedge-shaped, is the fastest part of
the flow, and the densest part of the flow. The frontal structure of a stratified
turbidity current is similar to stratified powder-snow avalanches and pyroclastic
density currents. The similarities in frontal structure point to the importance of
granular flow processes at the base of stratified turbidity currents. Absolute
velocities of turbidity currents are an order of magnitude lower than those of
powder-snow avalanches and pyroclastic density currents, as a turbidity current
experiences more resisting (drag) forces. Particle settling velocities are also 10
times lower in turbidity currents, giving all three flows a similar U,/U* ratio. The
similar U,/U* means all three particulate density currents can be stratified or

unstratified depending on local conditions.
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Chapter 5: Conclusion and future work

5.1 Conclusions

The overall aim of my thesis is to characterise geophysical flows that create
upstream-migrating bedforms. Upstream-migrating bedforms form in a large
range of settings on earth (and on other planets). The different chapters relate to
upstream-migrating bedforms formed in different settings. In chapter two |
explain the mechanics of cyclic steps in a fluvial setting, and their deposits. In
chapter three | determine the formative controls on dune-scale upstream-
migrating bedforms formed by turbidity currents in submarine channels. In
chapter four | continue the focus on a turbidity current that formed upstream-
migrating bedforms. | characterise the frontal character of this turbidity current
and compare it to that of powder-snow avalanches and pyroclastic density

currents, which are also known to be able to form upstream-migrating bedforms.

There is not one simple condition that characterises the geophysical flows that
form upstream-migrating bedforms the specific characters of the flows are
described in the paragraphs below. However, common elements to the
geophysical flows that create upstream-migrating bedforms are: (1) these flows
are in a Froude supercritical flow regime, (2) shear stresses on the bed are high
suspended sediment transport is abundant, and (3) in the case of particulate

density currents the flows often display a form of internal density stratification.

5.1.1 Mechanics and depositional character of cyclic steps

In chapter two | posed two questions: (1) what are the mechanics of fluvial cyclic
steps? And (2) what is the corresponding depositional signature of these cyclic

steps? A depth-resolved numerical model is used to answer these questions.

The mechanics of the simulated fluvial cyclic steps generally conform to existing
conceptual models; there is supercritical flow over the lee side of the bedform
and subcritical flow over the stoss side of the bedform. The simulations have,
however, also led to new observations. For example, the modelling showed that
the hydraulic jump itself is erosional. This contrasts previous models that link the

abrupt decrease in velocity associated with a hydraulic jump to deposition.
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Furthermore, the modelling shows that the hydraulic jump is only present 90% of
the time, the remaining 10% the flow is supercritical throughout. When the flow is
supercritical throughout the amplitude of the cyclic steps increase. This increase

in amplitude then leads to the formation of a new hydraulic jump.

The results also show that the depositional signature of cyclic steps changes with
the rate of aggradation. At high rates of aggradation a series of upstream dipping
backsets form, bound upstream and downstream by an erosion surface. At low
rates of aggradation, cyclic steps result in an amalgamation of concave-up
erosion surfaces. Upstream and downstream-dipping laminations form lenticular
bodies directly overlying the erosion surfaces. Additionally, the depositional
signature is strongly controlled by the transient behaviour of the hydraulic jumps.
The absence of a hydraulic jump creates the deepest troughs. The deposits in the
deepest troughs are all that is preserved of these bedforms at low rates of
aggradation. Furthermore, the presence of a hydraulic jump causes shear stress

variations result in laminations of distinct grain-size.

5.1.2 Formative controls on dune-scale upstream-migrating bedforms in

submarine channels

In chapter three | posed the question: what are the formative controls on dune-
scale upstream-migrating bedforms in submarine channels? There were three
hypothesised formative controls that may play a role: Froude supercriticality,
density stratification and erosive capacity of the turbidity current. | tested the
effect of these factors in a series of numerical simulations, and quantified the
three factors with three dimensionless numbers: Froude number, gradient
Richardson number and Shields number. The modelling shows that all three

factor play a role in the formation of dune-scale upstream migrating bedforms.

All turbidity currents that generated upstream-migrating bedforms were
supercritical, though not all supercritical turbidity currents create upstream-
migrating bedforms. Only stratified turbidity currents created upstream-migrating
bedforms, though again not all of them did. Finally, a peak Shields threshold is
required for a stratified supercritical turbidity current to produce upstream-
migrating bedforms. The modelling indicated that the peak Shield threshold was
reached due to variations in discharge and velocity structure in the bottom of the
flow. The discharge variations are linked to instabilities within stratified flows,
and can be either roll-waves or downward propagations of Kelvin-Helmholtz

instabilities. The three formative controls can be related back to parameters
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readily available in modern submarine systems: slope and grain-size. With a slope
too steep, or with sediment too fine, the turbidity current mixes well and does
not become stratified, this prevents the formation of upstream-migrating
bedforms. On slopes too gentle, or with sediment too coarse, the local peak
Shields number does not exceed the threshold value and upstream-migrating
bedforms do not form. There is thus a “sweet spot” at which dune-scale
upstream-migrating bedforms are formed. It explains the common occurrence of

dune-scale upstream-migrating bedforms but also their local absence.

5.1.3 The frontal character of turbidity currents with a denser layer in

relation to other density currents

In chapter four of my thesis | ask the questions: (1) what is the frontal character
of stratified turbidity currents? and (2) how does the frontal character compare
to that of other stratified particle-laden density currents? Here | used direct

measurements of a turbidity current to answers these questions.

The direct measurements revealed that a stratified turbidity current has a
different frontal character than the typical frontal structure of a homogeneously
mixed turbidity current. Where an unstratified and dilute turbidity current has a
bulge-shaped front, the stratified turbidity currents have a wedge-shaped front.
This front hosts the fastest velocities and is associated with the highest sediment
concentrations. Just behind the wedge-shaped front the stratified turbidity
current split into a denser basal flow layer that is overlain by a more dilute layer.
The dilute layer is characterised by Kelvin-Helmholtz instabilities that mix
ambient fluid into the flow. Additional instabilities are seen to form in between
the basal dense layer and the dilute top layer. These instabilities are tentatively
interpreted as roll waves due to their characteristics downstream migration and

breaking-wave-like appearance.

A turbidity current is a particle-laden density current, similar to a pyroclastic
density current or powder-snow avalanche. The direct observations of the
stratified turbidity current show that its structure is similar to that of a pyroclastic
density current of a powder-snow avalanche. In general, the main difference
between subaqueous flows (e.g. turbidity currents) and subaerial flows (e.qg.
powder-snow avalanches and pyroclastic density currents) is their front velocity.
Subaerial flows have frontal velocities that are an order of magnitude larger than
those of subaqueous flows. This velocity difference is likely caused by a

difference in density of the ambient fluid (air versus water). The similarity in
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frontal character point to the importance of grain-to-grain interactions at the base
of a turbidity current, similar to the grain-to-grain interactions that are known to

occur at the base of pyroclastic currents and powder-snow avalanches.

5.2  Future work

Based on the three research chapters in this thesis | will now highlight three areas

of future research.

5.2.1 Numerically generated deposits

In chapter 2 | have numerically created bedforms. It is thus possible to do the
same thing for different flow conditions, and in different settings. The method
allows linking flow dynamics to morphology and depositional product. Forward
numerical modelling can help confident interpretation of paleo-environment from
deposits. Furthermore, forward modelling techniques, may, in the future be
implemented in petroleum exploration and reservoir modelling (Pyrcz et al.,
2014; Vellinga et al., 2016). A practical application could, for instance, be the use
of forward modelling to construct bespoke training images to specific settings for
geostatistical modelling. In order to make forward modelling on a metre-scale the
modelling would have to become truly three-dimensional. A question related to
chapter 2 that interests me is: what does the deposit of a (fluvial) cyclic step look

like in three dimensions?

5.2.2 Numerical modelling of turbidity currents and deposits

In chapter 3 | numerically simulated turbidity currents. There are still limitations
to the forward modelling approach, especially in relation to turbidity currents:
one can only numerically model processes that are understood. For example: it is
not yet clear how high-density turbidity currents work, is there a traction carpet at
the base, or is there a grain-flow, what are the mechanism to keep sediment in
suspension, and what do the concentration, velocity and turbulence profile look
like near the base of the flow? (Hiscott, 1994b; Sohn and Hiscott, 1995; Fick et
al., 2015) The effect of sediment concentration and clay content on rheology and
turbulence is not fully understood (Baas et al., 2016), and what implications does
this have for hybrid flows (Haughton et al., 2009), and then, how are these flows
coupled. To confidently model high-density flows and cohesive flows, such

guestions the above questions need to be answered.
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More specific scientific questions related to turbidity currents | am interested in
are:

e What is the depositional signature of dune-scale upstream-migrating
bedforms formed by turbidity currents?

e But also, how do other morphologies and deposits that are formed by
turbidity currents relate to flow characteristics? Can channel inception,
levee formation and lobe thickness be predicted based on flow character?
And inversely, can these depositional features be related to specific flow

characteristics?

5.2.3 How is sediment transported at the base of a turbidity current?

In chapter 4 of my thesis | raise the question whether similarities in flow
morphology of turbidity currents compared other particle-laden density currents
are caused by similarities in process. | inferred the similarity in the mechanism of
suspension of stratified particulate density currents (turbidity current, powder-
snow avalanches and pyroclastic density currents) on the basis of frontal shape.
The inference | made essentially relates back to how sediment is transported at
the base of turbidity currents, which is still poorly understood. Detailed
measurements near the base of turbidity current, at higher spatiotemporal
resolution than the data | had would be needed to answer how sediment is
transported at the base of turbidity currents. Important parameters to measure

would be for example sediment concentration and rheology.
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Appendices

A.1 - Introduction to appendices

The numbering of the appendices conforms to the sequence of the chapter to
which the appendices relate: A.2 relates to the first chapter that requires an

appendix: chapter 2, A.3 relates to chapter 3, and A.4 to chapter 4.
A.l.1 Glossary

Aggradation: vertical build-up of a sedimentary sequence (i.e. more sediment is

deposited than eroded)

Antidune: a type of bedform formed under supercritical flow. Antidunes are
formed by a flow with a train of free-surface waves. The free-surface waves
distribute sediment in a dune-like pattern. Antidunes typically move upstream but

can move downstream too.

Capacity (of a flow): refers to the capacity of that flow to keep sediment in

suspension trough turbulence.

Competency (of a flow): refers to the competency of a flow to entrain (pick up)

sediment from the bed trough shear stress exerted on the bed.

Cyclic step: a type of bedform formed under Froude supercritical flow conditions.
A cyclic step is formed by a flow that has a series of upstream migrating hydraulic
jumps. The lee side of the bedform is overlain by supercritical flow and erosive,
the stoss side is overlain by subcritical flow and depositional. The bedform

migrates upstream, however, sediment moves downstream.

Hindered settling: As sediment settles downwards a similar volume of water is
displaced upwards, the upwards movement of this water hinders the downwards

motion of settling sediment and is called hindered settling.
Jokulhlaup: (literally "glacial run") is a type of glacial outburst flood
PDC: pyroclastic density current

PSA: Powder-snow avalanche

Roller: A type of coherent flow structure on a mesoscopic to macroscopic scale.

The water “rolls” around (i.e. changes direction 180 degrees and back).
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Sediment discharge: The amount of sediment discharged (in a channel) either as

mass or volume per time unit.

Sediment entrainment flux: The volume of sediment entrained (i.e. going from

the bed into the flow) in a certain area over a certain time. [m/s]

Sediment entrainment mass-flux: The mass of sediment entrained (i.e. going

from the bed into the flow) in a certain area over a certain time. [kg/m?/s]

Sediment settling mass-flux: The volume of sediment settling (i.e. going from

the flow to the bed) in a certain area over a certain time. [m/s]

Sediment settling mass-flux: The mass of sediment settling (i.e. going from the

flow to the bed) in a certain area over a certain time. [kg/m?/s]

Specific discharge: The discharge (through a channel) divided by the width of the
channel [m2/s]

Subcritical flow: A flow in which the flow velocity is smaller than the surface
wave propagation velocity. Gravitational forces dominate over inertial forces. The

Froude number is smaller than unity.

Supercritical flow: A flow in which the flow velocity is large than the surface
wave propagation velocity. Inertial forces dominate over gravitational forces. The

Froude number is larger than unity.

TKE: Turbulent kinetic energy (TKE) the mean kinetic energy per unit mass
associated with eddies in turbulent flow. Physically, the turbulence kinetic energy

is characterised by measured root-mean-square velocity fluctuations.

Transportational (bedform): the vertical height of a sedimentary sequence is

constant over time (i.e. the same amount of sediment is deposited than is eroded)

UMB: Upstream-migrating bedform
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A.2

A.2.1 Governing equations of Reynold-Averaging Navier-Stokes and

Turbulence models
Navier-Stokes Equations:

Mass balance equation:
ap 0 ) ) _
E‘Fa(l)u)ﬂ'a(lm)"‘a(l)w)—o (1.1

Momentum Balance equations:

ou ou ou ou _ 19p
6t+uax+vay+wax_ p6x+Gx+fx (1.2)
ov ov v v 1dp
U Tt W =0 ToOth (1.3)
ow ow ow ow __ 1dp
e Tl TV TWo T e, TEt (1.4)

Equations related to the turbulence model:
One equation definition of turbulent kinetic (k; or TKE) energy as rum of root-
mean-square of velocity fluctuation:

ke=>@?+v? + w?) (1.5)

Transport equation for turbulent kinetic energy (TKE):

Doy (y 2y Dr D) _
o Tlug v ay+w 5, ) = Prt+Dx—er (1.5)

where P;is the turbulent kinetic energy production term, D, is the turbulent
kinetic energy diffusion term, e; refers to turbulent dissipation.
Transport equation for turbulent dissipation:

2

%o (W gy 2 gy Y1) = Car _c &
5+ uax+vay+w )= Tk Pr + D, ngkr (1.6)

where D.refers to the diffusion of dissipation of turbulence . is a

dimensionless parameter.

Dynamic viscosity (the viscosity to approximate the effects of turbulence) is

calculated with turbulent kinetic energy and the turbulent dissipation:
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b= PO+ 1) (1.7)

where:

vy = 0,085 (1.8)
er

Further details on the k-epsilon RNG turbulence model van be found in (Basani et
al., 2014) and the FLOW-3D documentation release 11.0.0 (Flow Science, 2014)

A.2.2 Equations governing sediment transport
Shields numbers:

The Shields parameter is a dimensionless form of bed shear stress defined as:

T

=m (2.1)

6y
where g is gravity in absolute value, p,is the fluid density, p, is the mass density of
sediment grains, and d,is grain diameter. The subscript n represents the n-th

sediment species.

The critical Shields parameter 6,,, is used to define the critical bed shear stress z,,,
at which sediment movement begins for both entrainment and bedload transport:

=—on 2.2)

0
- gdn(pn—pf)

The base value of 4, is for a flat and horizontal bed of identically-sized grains. It
can be either specified by users (0.05 by default) or determined from the Soulsby-
Whitehouse equation (Soulsby and Whitehouse, 1997):

Oerm = ——— + 0.055(1 — e~0-02d:n) (2.3)

1+1.2d.p

where d., is the dimensionless grain size given by:

3
d,n=d, [g(sn‘“ (2.4)

Ve

Here s, = p,/ps, and v is the kinematic viscosity of fluid. Note the Soulsby-

Whitehouse equation in equation (2.3) has replaced the Shields-Rouse equation

used in the old model due to its wider range of validity (Soulsby, 1997).

At a sloping bed interface, the gravity applies a tangential component of force to

make the packed bed more or less stable depending on the flow direction. As a
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result, the critical shear stress increases if the fluid flow goes up the slope and
decreases if the flow goes down. It is an option to users that 6,,, can be modified

for the sloping bed effect following Soulsby (1997):

, cos(Y) sin( y)++/cos?(y) tan2( w)—sinZ(y) sinZ(y)
Ocr = Ocr J tan(@) (2.5)

Bed load transport:

The dimensionless form of the bedload transport rate for species nis defined as

P, =—72r (2.6)
[9(sn—1)dn>]?

where gy, ,, is the volumetric bedload transport rate per unit bed width (in units of

volume per width per time). &, is calculated using the Meyer-Peter and Muller

equation (1948),

1.5
®, = Bn(en - ecr,n) Chn (2.7)

where B, is the bedload coefficient. It is generally 5.0 to 5.7 for low transport,
around 8.0 for intermediate transport, and up to 13.0 for very high transport (for
example, sand in sheet flow under waves and currents). A value of 8.0 is used in
this study, which is the most commonly used value in the literature (Gladstone et

al., 1998). ¢,, is the volume fraction of species nin the bed material,

net volume of species n (2 8)

C =
bn net volume of all species

Note ¢,, does not exist in the original Meyer-Peter and Muller equation. It is added

in equation (2.7) to account for the effect of multiple species.

The relationship in Van Rijn (1984) is to estimate the bedload layer thickness h,,:

0.5
h, = o.3dndi{-,{( Sn _ 1) (2.9)

QCT‘,TL

The bedload velocity u,, is calculated by

Wy y = —2m (2.10)

hncpnfp

where f, is the total packing fraction of sediments. Both u,, and q,, are in

direction of the fluid flow adjacent to the bed interface.

Suspended load transport:
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In this model, entrainment and deposition are treated as two opposing micro-
processes that take place at the same time. They are combined to determine the
net rate of exchange between the packed bed and the suspended sediments in
the flow. For entrainment, the velocity at which the grains leave the packed bed is
the lifting velocity and is calculated based on Winterwerp et al. (1992) and
Mastbergen and Van Den Berg, (2003),

d(pem
Wyipe = angdd3(0; — 6,)"° /”g”(p;fpf) 2.11)

where a; is the entrainment coefficient of species n (default value is 0.018), and n,
is the outward normal vector of the packed bed surface. In deposition, the settling
velocity of Soulsby (1997) is used:

Ugortte = %[(10.362 +1.049d3)1/2 - 10.36] £ (2.12)

where g is the gravity acceleration. uge ., is assumed in the same direction of g.

For each species, the suspended sediment concentration is calculated by solving

its own transport equation:

0Cspn

rraRAA (Csnusy) =V-V(DCsr) (2.13)

Here C,, is the suspended sediment mass concentration, which is defined as the
sediment mass per volume of fluid-sediment mixture; D is the diffusivity; u,,, is the
grain velocity of species n. It is noted that each sediment species in suspension
moves at its own velocity that is different from those of fluid and other species.
This is because grains with different mass density and sizes have different inertia

and receive different drag force.

Correspondingly, the suspended sediment volume concentration c;, is defined as
the suspended sediment species n volume per volume of fluid-sediment mixture.

It is related to C;, by:

Com = CT (2.14)

The mass density of the fluid-sediment mixture is calculated using:
p= Z%:l Cs,m Ps;m + (1 - Cs,tot) Pr (2.15)

where N is the total number of species, and c;,,, is the total suspended sediment

volume concentration,
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To solve equation (18) for C;,, us, must be calculated first. It is assumed that: (1)
the grains in suspension do not have strong interactions with each other; (2) the
velocity difference between the suspended sediments and the fluid-sediment
mixture is mainly the settling velocity of grains, ug..», that is defined in equation

(2.12). Thus, us,, is evaluated using

Usy = U + UsertienCsn (2.106)
where u is the bulk velocity of the fluid-sediment mixture:

U=YN o1 ComUsm + (1= cror)Us (2.17)

u is obtained by solving the continuity and Navier-Stokes equations with a

turbulence closure model (equations in A2.1)
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A.2.3

List of symbols to understand A.2.1 and A.2.2

The n subscript denotes that this parameter applies to a specific sediment

Species.

Az
Conass
Coo

Ce €2

=

e o U 0O O

Uiife
Upedioad

usettle

a

B
)

fractional area

suspended sediment mass-concentration

suspended sediment volume concentration

dimensionless parameter

diffusion coefficient

turbulent kinetic energy diffusion term

diffusion of dissipation of turbulence term

grainsize

dimensionless grain parameter

viscous accelerations

Froude number

gravitational acceleration

body accelerations

turbulent kinetic energy

turbulent kinetic energy production term

bed-load transport rate

velocity of the suspended sediment
mean velocity of water-sediment mixture,
obtained via Navier-Stokes

lift velocity

bed-load velocity

sediment settling mass-flux

entrainment coefficient

bed-load coefficient

thickness bed-load layer

turbulent dissipation

local Shields number

critical Shields number

dynamic viscosity

kinematic viscosity of water

density of the sediment

density of the fluid
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mean density fluid-sediment mixture
shear stress

critical shear stress

angle slope of bed

angle between flow and upslope direction

angle of repose
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A3

A.3.1 Squamish delta used to constrain boundary conditions

The Squamish Delta is located in the Howe Sound, a fjord in British Columbia,
Canada. It is a sandy fjord-head system fed by the Squamish River. The
subaqueous delta is host to three subaqueous channels. The channels are
populated by crescent-shape bedforms that migrate upstream. The bedforms
have wavelengths of tens of metres (~30m on average), and a wave-height of 2-
3m (Hughes Clarke, 2016). Direct monitoring of the crescent-shape bedforms has
shown that upstream migration beneath turbidity currents (Hughes Clarke, 2016).
The channels have gradients of <10° near the delta-lip (most proximal) to 1.4°
2500m from the delta-lip, and 5° at the monitoring location of Hughes Clarke
(2016). Turbidity currents observed in the Squamish submarine channels had flow
velocities of 1.5-3 m/s, and a thickness of 3-7m. A good quantification of the

sediment concentration in the observed turbidity currents is not available.

The flow data recorded in the Squamish submarine channels have provided the
boundary conditions used in the simulations. As sediment concentration data is
not provided we estimated sediment concentrations that would result in Froude-
supercritical flow conditions (Frs, =1-3), which were thought to be required to
create upstream-migrating bedforms. The boundary conditions in appendix 1
reflect the inflow conditions (height, velocity and sediment concentration), which
do not necessarily reflect the “steady state” flow heights, velocity and thickness.
The flow thicknesses observed further downslope are variable 2-7m (Fig. 1), and

flow velocity maxima are variable too but typically between 1.5-2.5 m/s.
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A.3.2 Table of boundary conditions and results

simulation boundary conditions results
# flow velocity (m/s)  flow thickness (m) sediment concentration (kg/m3) slope  UMBs? Fr50
1 3.3 1 75 45Y 1.33
2 3.3 1 25 45 N 1.11
3 3.3 1 75 45Y 1.48
4 3.3 1 100 45Y 1.07
5 1.5 1 50 45N 1.71
6 2.5 1 50 45N 1.51
7 4.5 1 50 45 N 1.23
8 3.3 1 50 45 N 1.35
9 3.3 1 50 45N 1.42
10 3.3 1 50 45N 1.26
11 3.3 1 50 45 N 0.86
12 3.3 0.5 75 45Y 1.04
13 3.3 2 50 45 N 1.71
14 3.3 0.5 50 45 N 1.03
15 3.3 1 65 4.5 N 1.41
16 3.3 1 85 45Y 1.03
17 3 1 75 45Y 1.11
18 3.6 1 75 45Y 1.40
19 3.3 1 75 45Y 1.13
20 3.3 1 75 45N 1.10
22 3.3 1 50 6.1Y 1.14
23 3.3 1 50 2.7 N 1.12

A.3.3 Equations to calculate densimetric Froude number, gradient

Richardson number and Shields number

Fro0
2.37
2.45
2.58
1.98
2.59
2.53
2.49
2.36
2.51
2.70
1.64
2.01
2.58
1.74
2.54
2.11
2.18
2.40
2.03
2.66
2.79
2.32

max Ri50 690

1 1.78
0.23  3.07
093 1.32
1.44 0
3.32 2.3
1.17 0
0.24 1.1
0.51 1.36
0.56 1.17
0.2 1.28
0.39 0.82
1.58 4.28
1.77 0
135 3.07
0.7 0.61
1.25 3.68
1.55 3.07
1 242
1.46 0.46
0.13 4.14
0.9 3.33
0.61 3.66

The integral method of Ellison and Turner, (1959) for calculating the Froude

number

Uh = [udz 1)
Uth = ["u?dz (2)
UCh = [ ucdz (3)
Fre = omtcomen @
In which: U = 2% ¢ =50 p = X,

Calculating the gradient Richardson number

(5)
Calculating the Shields number

T
"~ (ps—Pw)gD ©®)
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List of variables:

C = sediment concentration

D = particle diameter

Fr, = densimetric Froude humber
g = acceleration due to gravity
H = flow height

U = flow velocity in flow-parallel (x-direction)
z = vertical distance

e = Shields parameter

P = macroscopic density of flow
p, = density of sediment

Py = density of water

T = shear stress

A34 Gradient Richardson profile

Below a figure of the gradient Richardson number of two simulations: one mixed
and one stratified current. The lines are the 50" percentile. On the Y-axis there is
a normalised height above the bed (z/h), where h is obtained through the integral
relationship of the Froude number (appendix 3). On the X-axis is the gradient
Richardson number. The turbidity current is considered unstratified (mixed) when
the 50" percentile (bold red line) is larger than 0.25 anywhere in the profile. If the
50" percentile is lower than 0.25 for the entire profile, the turbidity current is

considered stratified.
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A.3.5 Flow statistics

Cross-correlation analysis is done on several flow parameters of the modelled
turbidity currents. Cross-correlation functions (CCF) show the measure of
similarity between two variables. A strong positive relationship is observed
between discharge of the lower internally-stratified layer and the height of the
velocity maximum above the bed (CCF=0.39; p<0.05). Cross-correlation between

the height of the velocity maximum and the shear stress exerted at bed reveals a
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strong inverse relationship (CCF=-0.45: p<0.05).

Discharge of lower internally-stratified layer vs height of velocity maximum above bed
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A4

A4.1 Map overview of the experimental area

An overview map of the location of the different vessels during the event. The
green star is the location where Zeeland discharged of its sediment. The green
squares are the path of the GeoSurveyor Xl over the time of the event, drifting
north about 35m. The green line is the transect of the M3 sonar, this is the
transect at one point in time, in reality it has this orientation and drifts north with
the vessel. The four circles are the ADCP footprints of the four beams at one

point in time, these beam footprints also drift south-to-north with the drifting
vessel.
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A.4.2 Morphological changes in the study area

The sloping sediment bed was covered in the tidal dunes that can be found all
over the estuary and around the study site before the dredger started discharging
of sediment in the study area. The tidal dunes are north-south oriented linear
features of <10m in wavelength and <50cm in amplitude. The tidal dunes migrate
west (appendix 4.4), this is a background signal for the turbidity currents and

their associated morphological features.

Discharging sediment has created a scour-hole with a ~60m diameter and a
maximum depth of ~3m. This scour hole is created by multiple unmonitored
sediment discharges of the dredger. Two main pathways for the turbidity currents
form as the currents flow downslope, an eastern and a western pathway
(appendix 4.1). Bedforms that are crescent-shape in plan-view formed in the two
turbidity current pathways, and are especially well-developed in the western
pathway. These crescent-shape bedforms appear to migrate upslope as a turbidity
current passes by, as seen on the difference map (appendix 4.4). In turbidity
current 1 and 2 there is 25-30cm of vertical erosion on the lee-sides of the
bedforms, and 5cm of vertical deposition on the stoss-sides, causing the bedform
to migrate upslope. A composite cross-sectional transect trough all bathymetric
data at the western turbidity current path shows the internal structure of the
observed crescent-shape bedforms (appendix 4.4). The internal architecture of
the crescent-shape bedforms confirms their upslope-migrating nature. Deposits

are emplaced on the stoss-sides and erosion is present on the lee-side.

A.4.3 Timeline of events

DATE TIME (UTC)  Event
28/09/2014 19:07 MBES (multibeam echosounder) survey
01/10/2014 12:59 MBES survey

13:40 Zeeland discharges sediment

14:04 MBES survey

14:30 Low tide

14:30 Zeeland discharges sediment
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02/10/2014

16:30

16:42

19:20

19:39

19:50

20:30

23:24

23:48

00:32

00:32-00:37

01:03

02:30

11:57

Zeeland discharges sediment

MBES survey

Zeeland discharges sediment

MBES survey

Zeeland discharges sediment

High tide

Zeeland discharges sediment

MBES survey

Zeeland discharges 325m3 sediment (monitored Turbidity

current)

Turbidity current visible in GEOXI measurements

MBES survey

Low tide (approx.)

MBES survey
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A4.4 Bathymetric difference map
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A difference map of made of the bathymetric image before and after the
monitored turbidity current. The pink line is the location of the bathymetric

transect image in appendix 4.5.
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A.4.5 Bathymetric cross section
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An in-profile cross-section of the deposited stratigraphy, based on all bathymetric

images, at the location of the pink line in appendix 4.4.
A.4.6 ADCP analysis of the flow velocities
Constructing a flow-parallel velocity

Voar = Veast * €05(8) + Vyoren * sin(0) 4.1)

V,..is the flow-parallel velocity in the mean flow direction, V,,, is the east velocity,

V... 1S the north-velocity, 6 is the mean direction of the turbidity current
Correcting the flow-parallel velocity for background signal

Voar_corr = Vpar = Vbackground (4.2)

AA4.7 Acoustic inversion of ADCP backscatter data

The overall process of acoustic inversion is based on an implicit iterative
approach and is governed by equations 4.3 and 4.4. Where M is the sediment
concentration and o, the attenuation due to the sediment in the water. Once the
iterative process for which a,.,= a, reaches a convergent state a value for Mis
obtained. First all other parameters need to be specified, which is done is the

various sections that follow below.
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1.

L, a,= lfr.f(r) M(r)dr _
rJo

_ (Ver)? ara .
1 = {kskt} €
(3.3)
For n=1,
a= (as+ ay) a; =

(3.4)

V - the voltage resulting from backscatter -

Echo count is converted to a voltage (Deines, 1999)

V= 10% (4.5)

E is the Echo count, E, is the noise level, set at a value of 40, and K¢ an
instrument-specific parameter set at 0.4241.

r - the range to the transceiver

As the beams are slanted at a 20° angle to the normal, the distance to the

transceiver from the middle of each ADCP bin (cell) ought to be corrected

__ (ritn«binsize)
T c0s(20™/1g0) (4.6)

Where ris the distance of the middle of each to the transceiver, and r, is

the mean distance of the first bin to the transceiver.

. @ - near field correction factor

There is non-spherical spreading in the near-field of the transducer that is
corrected for using the method as described by Downing et al., (1995).
A=c/f (4.7)

A is the wavelength of the sound, cis the speed of sound and fthe

frequency
r, = T2 (4.8)
z== 4.9)

™

Zis the normalised range dependence
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_ 1+1.35z+(2.52)3?
T 1.35z+(2.52)32

(4.10)
4. Kk, - the backscatter properties of sediment
k, is the backscattering property of the suspended sediment as a function
of sediment grain-size and distribution.

4.1. A normalised frequency distribution of grain-size diameter is
computed (f), based on the d50 and the standard deviation of samples.
DevAbs = DevRel * d50 4.11)
The absolute standard deviation DevAbs based on the relative standard
deviation DevRel and d50.

Dp = dpin + (dmax = dmin) (4.12)
Dp are the assigned particle diameters based on the minimum and
maximum grain-size.

The following equations are to create a log-normal distribution of grain-

sizes:

w = /log(DevRel? + 1) (4.13)
m, = \/log(ﬁzflbsz) (4.14)
dNd = \/Dm L ooy 20° (4.15)
f =dNd/Y dNd (4.16)

fis a normalised frequency distribution of a grain with diameter Dp
4.2. A form function and scattering cross-section for all grain-sizes (ffa) is
made.

_ S(Fra) B(fralefr 00
ffa==—=ca—"— (4.17)

ffa is the scattering cross-section for all grain sizes (Moate and Thorne,
2012) where a is the grain radius

x—d2? x—d5?2 x—dg?
ff = (1-dle d3 )(1+d4e dé6 )(1+d7e d9 )x? (4.18)
- d10+d11 x? :

ffis the form function (Moate and Thorne, 2012), where di1 to di1 are

specific to each sand mineral estimated in Moate & Thorne (2012), and

x—zna
= a
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5. K, - a instrument-specific constant
The K, value is a calibration constant that is instrument specific and set at
7.7080*10°

. a,- the attenuation of sound due to water

_Aifafr? | AP fofr?

Ow = T2 2 T 2y pr + AsPsfr? (4.19)
With:

A; =1.03%1078+ 236107197 — 5221071272 = 1.11% 1078 (4.19A)
A, =562%1078+752%1071°T =590 1078 (4.18B)

A3 = (559 —237T +4.77 *1072T? — 348 x 107*T3) x 10715 =4.77 x 10714
(3.190)

—1700
£ = 1.32% 103(T + 273.1)elTiz31] = 787 (4.19D)
—3052
£, = 155 107(T + 273.1)elmz31] = 7.00 « 10* (4.19E)
P,=1-103%10"*P + 3.7+ 1077P% = 0.82 (4.19F)
Py =1—3.84%10~4P + 7.57 « 10~°P2 = 0.93 (4.18G)

Where T is the water temperature, P is the water pressure, and fr is the
instrument frequency (Francois and Garrison, 1982).

. § - the attenuation-constant to compute a,
€ is a sum of the viscous absorption of the sound wave by the sediment

8 viscous and the Scattering 5 scatter E = E viscous+ g scatter

6.1 § viscous

Is calculated based on equations found in (Urick, 1948)

uiscous = B [FZ s ] (4.20)

Where:

s=2(z2) (1+52); 4.21)
k,=0.18

r=3+3() 4.22)
p=|ms—L— (4.23)
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6'2 E scatter

3x
$sactter = 2ap, (4.24)
Where:
_ X(f*a) X(fra?+xx)
=TT e (4.25)
_ Psed*0.09+x*
XX = 1380+560x2+150x% (4.26)

In which fis the fraction of grain-particles and p ; is the density of the

sediment
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