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Submarine density flows are the volumetrically most important process for 

transporting sediment across our planet and form the largest sediment 

accumulations on Earth. Current models for turbidity currents are largely based 

on experimental and numerical models, and inferences from deposits in the 

geological record. This thesis provides a new understanding of the structure of 

submarine density flows through the analysis of direct measurements of 

submarine density currents near the seafloor. This is achieved by the analysis of 

datasets of density flows collected in two submarine channel systems: Congo 

Submarine Canyon and a channel on the Black Sea Shelf. The analysis of new 

measurements of submarine density flows suggests a new structure for 

submarine density flows that contrasts with previous models. The new structure 

shows that the flow front is the fastest part of the flow that outruns the rest of 

the flow. The difference in velocities between the front and end of the flow 

results in a flow stretching. This model contrasts with previous field observations 

of submarine flows collected in coarser sediment submarine channel systems. 

This thesis also analyses the cross-stream evolution of submarine density flows 

through meandering submarine channel systems. This new model studies the 



 

 

evolution of the flow processes around meanders, and suggests different 

scenarios of the flow structure based on the dominant process. This document 

links the evolving structure of the flow around bends with the sediment 

distribution of the submarine channel systems, and reconciles discrepancies 

among earlier models. This thesis provides a better understanding of the 

complexity of the system formed by submarine density flows and the interaction 

of these flows with seafloor sediment and channel morphology. 
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Chapter 1:  

 

Introduction 

 

 

1.1 Rationale 

The aim of this work is to better understand the dynamic interaction between 

density flows and the seafloor based on direct observations in modern submarine 

channel systems. 

Submarine density flows are flows driven downslope by their density excess in 

relation to the ambient water. This study focuses on two types of submarine 

density flows: (1) turbidity currents, which are submarine density flows where the 

excess in density is caused by suspended sediment; and (2) saline flows, which 

are submarine density flows where the excess in density is caused by a higher 

salinity. Submarine density flows, in particular turbidity currents, have formed the 

largest sediment accumulations on Earth, termed submarine fans (Normark, 

1970; Savoye et al., 2009; Shepard, 1933). Only river systems carry similar 

volumes of sediment, although a single submarine density flow can sometimes 

transport more sediment than the annual global flux from all rivers combined 

(Milliman and Syvitski, 1992; Talling et al., 2007). 

Submarine channel systems serve as conduits for submarine density flows 

moving from shallow waters towards the deep-sea. Most of the longest submarine 

channel systems worldwide have a meandering planform (Normark and Carlson, 

2003) that suggests that bends may enhance distances over which sediment is 

transported (Pirmez and Imran, 2003; Straub et al., 2008). Meanders might 

influence the submarine density flow structure and, consequently, the sediment 

transport capability of these flows. Understanding the dynamics of submarine 

density flows, particularly as they travel around bends, is key to evaluating the 

sediment transport and deposition, which ultimately determines the evolution of 
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channel systems. 

Submarine density flows are difficult to monitor directly. They occur in relatively 

inaccessible locations, their occurrence is often unpredictable, and they 

frequently damage measuring instruments placed in their path due to their 

energy (Inman et al., 1976; Sumner et Paull, 2014). This paucity of direct 

observations has meant that previous models for submarine density flows were 

based mainly on results of laboratory-scale experiments (Baas et al., 2005; 

Kneller et al., 1999; Kuenen, 1937, Middleton, 1966), numerical modeling 

(Cantero et al., 2012; Meiburg and Kneller, 2010; Parker et al., 1986), 

measurements of rivers (Kuenen, 1952; Parker, 1982; Parker et al., 1986), or 

inferences made from their deposits (Bouma, 1962; Kuenen and Migliorini, 1950; 

Sumner et al., 2012). The conclusions from these studies do not always agree 

with one another, or with the rare observations of natural submarine density 

flows. There are apparent similarities between rivers and meandering submarine 

channels (Shepard, 1933; Talling et al., 2007). However, the flows within these 

two systems, rivers and submarine density flows, differ in several ways. The 

density difference between the flow and the ambient fluid in which they occur is 

different: rivers occur in air, and river water is thousands of times denser than 

air; whereas, submarine density flows occur in seawater, and the density of both 

submarine density flow and ambient seawater have the same order of magnitude. 

This difference leads to different density and velocity profiles of both fluvial and 

oceanic flows that affect flow behaviour (Stacey and Bowen, 1988). The contrast 

between direct observations, experimental studies and numerical models of 

submarine density flows could result from scaling issues (Peakall et al., 1996) and 

simplifying assumptions (Meiburg and Kneller, 2010). The study of submarine 

density flows from their deposits can only provide hypotheses (Sumner et al., 

2012). To make a step change in understanding of submarine density flows, 

there is a need to measure key parameters within full-scale events (Talling et al., 

2015). Advances in acoustic technology and in mooring design are now enabling 

direct observations of those flows in their submarine environment. 

These observations of natural submarine density flows are enabling reconciliation 

of discrepancies among previous models. Additionally, the observations can 

quantify the amounts of sediment, organic carbon, nutrients, and fresh-water 

flushed into the deep ocean. A better understanding of the flow dynamics will 

eventually pave the way to predicting the evolution of submarine channels on 

long time-scales. 
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1.1.1 Aim of the thesis 

The overall aim of this thesis is to understand the dynamics of submarine density 

currents through the analysis of field measurements collected in the last decade. 

The datasets that I used to achieve this aim constitute the most extensive and 

highest-resolution acoustic measurements of submarine density currents ever 

obtained worldwide. In particular, I analysed three datasets for this thesis: (1) a 4-

month long dataset collected in 2010 by an Acoustic Doppler Current profiler 

(ADCP) in the Congo Canyon; (2) a 2-month long dataset collected in 2013 by two 

ADCPs deployed ~22 km apart in the Congo Canyon; and (3) an acoustic dataset 

collected in 2013 by an ADCP installed on an Autonomous Underwater Vehicle 

(AUV) in combination with a large dataset of conductivity, depth and temperature 

(CTD) measurements at the entrance to the Black Sea. 

The velocity, density and sediment concentration results extracted from these 

datasets address the following specific research questions: 

 

1. Can the sediment type within submarine sediment density flows control 

the duration of the flows? 

2. How do density stratification and flow acceleration processes combine to 

influence suspend sediment transport in the meanders of long submarine 

canyon systems? 

3. How accurately do different analysis frames of reference of the flow 

structure of submarine density flows reflect the sediment distribution 

observed in meandering submarine channel systems? 

 

1.1.2 Structure of the thesis 

This section details the rationale of each chapter and how they link together. 

The core of this thesis is presented as three science chapters that have been 

produced independently as scientific journal papers. All chapters concern an 

enhanced understanding of the dynamics of submarine density flows and share 

common aspects of the methodology, which forms chapter 2. However, because 

this is a thesis by publication, each chapter can be read independently. Chapter 3 
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is based on two datasets using ADCP records of submarine sediment-laden 

density flows collected in the Congo Canyon. Chapter 4 studies further one of 

these two datasets. Chapter 5 analyses the third dataset of a saline submarine 

flow collected by an ADCP and CTDs on the Black Sea shelf, downstream from the 

Bosphorus Strait. Chapters 3 and 4 have been published in Science Advances and 

Geophysical Research Letters respectively; Chapter 5 is to be submitted to Journal 

of Geophysical Research. 

This introductory chapter provides a brief overview of concepts discussed in 

greater detail within the science chapters (Chapters 3, 4, and 5). 

In chapter 3, the analysis of the highest-resolution datasets yet from a submarine 

sediment-laden density flow ever collected in the field results in a novel flow 

model. The datasets were collected in 2010 and 2013 in the Congo Canyon at 

approximately 150 km from the head of the canyon, which is connected to the 

Congo River. The turbidity current measurements show flows that, in contrast to 

all previous direct observations and most model predictions, last for days rather 

than hours or minutes. The turbidity currents in this chapter stretch over time, 

which results in an increasing flow duration, due to the difference in velocity 

between the fast front and the slow tail of the flow. The front of the flow hosts 

the fastest and densest part of the flow, and confines the highest turbulence to 

the near-bed region. The fast and dense front triggers high bed shear stress that 

mobilises seafloor sediment. This seafloor sediment gets entrained into the flow 

and moves towards the slower body and then tail of the flow, where the velocity 

eventually decays and the sediment settles out. Thus, the flow front becomes the 

driver of the flow that allows self-sustainability of the flow. This contrasts with 

previous models in which the fastest and more erosive part of the flow is located 

in the body, which would then be the driver of the flow. In the latter model, the 

body would feed the slower moving head with sediment and this would not be 

self-sustaining, and would result in flow extinction within minutes or hours. The 

conclusions of this chapter suggest that the turbidity currents in the Congo 

Canyon are typical of mud-rich systems. In contrast, turbidity currents in coarser 

systems, such as Monterey Canyon, Var Canyon and Gaoping Canyon, might 

behave similarly to previous direct observations in other systems (Khripounoff et 

al., 2009; Liu et al., 2012; Xu et al., 2004). This work also concludes that the 

frequent and week-long turbidity currents in the Congo Canyon can flush 

important amounts of sediment, organic carbon, nutrients, and fresh water into 

the deep ocean. 
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In chapter 4, the 2010 Congo Canyon dataset previously analysed in chapter 3 is 

further studied. The aim of the chapter is understanding the connection between 

meander bends in submarine channel systems and the suspension of sediment in 

flows. Previous work concerning the structure of submarine flows in meanders 

agrees that flows display a helical-shaped flow in bends. However, previous work 

has made contradictory conclusions in terms of the direction of the circulation of 

the basal flow, and whether it is alike or opposite to rivers. The work in this 

chapter concludes that the direction of the helical flow in meanders is controlled 

mainly by two pressure gradients. The centrifugal acceleration that flows 

experience in the bend generates the first pressure gradient. This pressure 

gradient generates a basal flow circulation towards the inner bend. Thus, the 

densest basal part of the flow is pushed towards the inner bend where it develops 

the second lateral pressure gradient due to the density stratification. This second 

pressure gradient has a basal opposite direction to the centrifugally-driven 

pressure gradient. The ratio between both pressure gradients defines the 

direction of the basal flow that can be either river-like or river-reversed. This work 

emphasises the importance of the evolution of the lateral density stratification 

around meanders. This chapter reconciles previous work conclusions and 

determines that the submarine channel evolution depends on the curvature of the 

channel and the stratification of the flow around the bends. 

In chapter 5, an extensive dataset collected from a channel on the Black Sea shelf 

is studied. The measurements comprise density and velocity records of a saline 

submarine flow in several transects around a bend, thus enabling the study of the 

spatial evolution of the helical flow around a bend. Most of previous works on 

helical submarine flows have been based on 2-dimensional (2D) studies due to 

the difficulties in obtaining 3-dimensional (3D) datasets. The analysis of this 3D 

dataset demonstrates that the characteristics of the 2D view of a 3D flow 

depends strongly on the 2D frame of reference, and that results from different 

2D frames of references can appear opposite to one another. This explains 

previous discrepancies in results from field, experimental and numerical 

modelling studies. Finally the chapter shows how the 3D helical structure forms a 

key control on the distribution of the sediment around the channel bend, which 

links the flow behaviour and local bathymetry to the evolution of the channel 

bend. 

Chapter 6 summarises the conclusions of this thesis revisiting the research 

questions in the previous section. It also includes potential future steps towards a 
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further understanding of the dynamics of submarine density flows. 

 

1.2 Classification of submarine density flows 

This section presents a classification of the different types of submarine density 

flows that exist in nature, and expands into turbidity currents and saline flows, 

which are the submarine density flows on which this thesis focuses. 

Submarine density flows are currents driven by the difference in density between 

the flow (caused by sediment in suspension, temperature, salinity) and the 

ambient seawater in which they occur. The ratio between the flow and the 

ambient densities defines four general behaviours for submarine density flows 

(Figure 1.1): (1) vertical flows occur when fluids denser than the seawater enter 

vertically and progress vertically towards the seafloor; (2) overflows develop 

when fluids that are less dense than seawater flow along the seawater-air 

boundary; (3) interflows form when fluids progress along the density interface 

between two seawater layers with lower and higher densities respectively than the 

progressing interflows; and (4) underflows occur when fluids denser than 

seawater flow along the seafloor. 

This thesis is focused on submarine underflows and among them, on turbidity 

currents and saline flows. Turbidity currents are stratified underflows with higher 

densities towards the bottom of the flow, even when they are relatively ‘well-

mixed’ (Talling et al., 2012). Saline flows exist as well-mixed flows and stratified 

flows (Nidzieko et al., 2009), and are found in flooding estuaries (Nidzieko et al., 

2009) or in narrow straits that connect basins with different salinities (Umlauf 

and Arneborg, 2009). 
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Figure 1.1. Scenarios of density flows resultant from the ratio between 

densities of flow and ambient seawater (modified from Allen (1985)). 

1.3 Submarine channel systems 

All of the submarine density flows, discussed in this thesis occur within 

submarine channels. This overview introduces submarine channel systems as part 

of a combined system with submarine density flows, in which both evolve and 

impose distinctive attributes to each other. 

The morphology of submarine channel systems changes from steep, V-shaped 

cross-channel sections, which are typically located proximal to the shelf, to U-

shaped cross-channel sections, which are typically located distally to the shelf. 

This change in the morphology of submarine channel systems coincides with 

changes in the energy of submarine density flows and their capability to erode or 

transport sediment. Thus, submarine density flows usually show their higher 

energy at proximal sections, where the flow capacity of erosion is higher as the V-

shape cross-section of the submarine system manifests. Deposition starts to 

dominate over erosion at more distal sections of the submarine channel systems, 

and U-shape cross-channel sections develop. Submarine density flows show their 

lowest energy at the most distal sections of submarine channel systems, where 

the flow is depositional and forms submarine fans. 

The steep to shallow evolution of submarine channel systems and erosional to 

depositional evolution of submarine density flows occur worldwide (Figure 1.2). 

This thesis analyses two submarine channel systems: (1) Congo Canyon, located 

in the upper erosional part of the Congo submarine channel system, and (2) Black 

Sea channel, located in the depositional Black Sea shelf. 
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Figure 1.2. Distribution of the largest submarine channel systems on Earth 

(modified from Normark and Carlson, 2003). 

1.4 Anatomy of submarine density currents 

The aim of the section is to provide an overview of the classical anatomy of 

submarine density flows (Meiburg and Kneller, 2010; Middleton, 1993; Simpson, 

1997), and to introduce the three main flow parts based on the velocity and 

erosive capacity of each part. This classical model is challenged by the 

conclusions presented in chapter 3, where a new model of the anatomy of 

turbidity current is proposed. 

A classical model of submarine density flows, mostly based on experimental and 

numerical models, consist of three sections, termed the head, body and tail. 

These sections are characterized by distinctive flow behaviours. 

The head occurs at the front of the flow. The front of the head is often slower 

than the following flow. It is slowed down by the simultaneous friction (1) 

between the flow and the ambient seawater at the top of the flow, and with the 

seafloor at the bottom of the flow; and (2) between the flow and the ambient 

seawater in front of the flow, which is pushed out of the way by the submarine 

density flow to enable the flow passage (Cartigny et al., 2013; Kneller and 

Buckee, 2000; McCaffrey et al., 2003). The head of the flow is followed by the 

body, which is more stable than the head. The body tends to flow faster than the 
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head front because it only experiences the friction by both ambient seawater and 

seafloor (Cartigny et al., 2013; Kneller and Buckee, 2000; McCaffrey et al., 2003). 

Finally, the body is followed by the flow tail where flow velocities decay rapidly 

and the flow dissipates (Kneller and Buckee, 2000). Importantly, in this model, 

the part of the body just behind the head is the section of the flow that is fastest; 

it feeds and accelerates the flow through erosion (Cartigny et al., 2013; McCaffrey 

et al., 2003). Thus, the classical model of the internal relative circulation within a 

submarine density flow is characterised by a circulation from the part of the flow 

just behind the head towards the flow front, and from there towards the back of 

the body and tail. 
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Chapter 2:  

 

Methodology 

 

 

2.1 Acoustic Doppler Current Profilers (ADCP): Successful 

monitoring of submarine density flows in recent years 

Advances in technology and mooring configuration have begun to enable 

successful direct monitoring of sediment density currents on the seafloor. 

Acoustic Doppler Current Profilers (ADCPs) have recently achieved a high number 

of successful measurements of submarine density flows. ADCPs can be deployed 

in a mooring line (chapters 3 and 4) for long deployments (Cooper et al., 2013; 

2016; Khripounoff et al., 2003), mounted on ship hulls (Parsons et al., 2007), or 

AUVs (chapter 5; Sumner et al., 2013). 

ADCPs infer velocity measurements from acoustic frequency variations. This 

inference, called Doppler shift, arises from acoustic waves reflected by scatterers 

in the way of the acoustic waves (Oberg and Mueller, 2007; Teledyne, 2011). The 

ADCP emits acoustic waves along at least 3 paths (or beams) at a fixed frequency 

and then receives the reflected acoustic response from fluid parcels (or bins) 

along the beams (Figure 2.1). They compute the averaged velocity of the fluid at 

each bin through the comparison between the emitted and received wave 

frequency (Teledyne, 2011). The instrument expresses the averaged velocity in 

three components (V
North

, V
East

 and V
Vertical

), which depending of the configuration of 

the instrument relate to geographical orientation (if the ADCP is moored) or ADCP 

orientation (if the ADCP is mounted on hull or AUV). This thesis is based on 

datasets collected by different instruments, and their configuration is described 

in following sections of this chapter. 

ADCPs also measure the strength of the acoustic waves (or echo intensity), which 

can be inverted to provide an estimation of sediment concentration as detailed in 
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section 2.5 of this chapter (Thorne and Hanes, 2002; Thorne and Hurther, 2014). 

Thus, ADCPs provide direct or indirect measurements of two key parameters in 

the study of the dynamics of submarine density flows: (1) velocity (Parsons et al., 

2007; Sumner et al., 2013); and (2) sediment concentration (Thorne and Hanes, 

2002; Thorne and Hurther, 2014). 

 

 

Figure 2.1. Sketch of operation of an ADCP (modified from Teledyne 2010). 

Previous studies on turbidity currents have used ADCP measurements to analyse 

the turbidity current structure. ADCPs have been deployed in natural 

environments to study the flow velocity records inferred by these acoustic 

instruments (Corney et al., 2006; Sumner et al., 2014; Xu et al., 2013). ADCP 

echo intensity measurements have been also inverted to obtain estimates of 

scatter concentration in natural environments (Lavery and Ross, 2007) and 

conceptual studies to achieve sediment concentrations from acoustic 

measurements have been of scientific interest in recent years (Thorne and Hanes, 

2002; Thorne and Hurther, 2014). However, ADCPs have not yet been used to 

measure sediment concentration in turbidity currents. 

Perhaps the most crucial limitation of ADCPs is their performance in the near-bed 

region, which is key to understanding the interaction between flow dynamics and 

sediment mobilisation. The outside of the acoustic beam reflects from the 
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seafloor earlier than the main (axial) beam, whose direction is not vertical. 

Consequently, the returning wave interferes with the main measurement in the 

near-bed region (Sumner et al., 2013; Teledyne, 2011). This area where 

measurements become less reliable is called the side lobe interference area (SLIA) 

and its size depends on the angle of aperture of the acoustic beam and the 

height over the seafloor at which the ADCP is deployed (Teledyne, 2011). The 

decision on the height of the ADCP above the seafloor becomes crucial when 

planning an ADCP deployment: large distances between the ADCP and the 

seafloor are more likely to capture measurements from the top of turbidity 

currents than short distances. However, a larger distance between the ADCP and 

the seafloor proportionally increases the thickness of the side lobe interference 

area. 

Further limitations of the ADCP instrument are reflections of acoustic beams from 

bathymetric features, the ADCP battery life and the saturation of the ADCP 

measuring capability. The acoustic beams emitted by the ADCP may encounter 

additional obstacles, such as submarine canyon walls, that perform similarly to 

the seafloor in terms of acoustic reflections. Similarly to the side lobe 

interference area, the insonified volume and dimension of the insonified footprint 

on the seafloor depends on the angle of aperture of the acoustic beam and the 

height over the seafloor at which the ADCP is deployed. The acoustic beams of an 

ADCP that is deployed closer to the canyon walls than the radius of the footprint 

would hit the canyon walls resulting in unreliable measurements. The battery 

consumption by ADCPs is of importance for long deployments. In these cases a 

compromise between the duration of the deployment and the interval between 

measurements is usually required. The saturation of the ADCP receiver affects the 

quality of the results of the datasets. Measurements of fast and dense turbidity 

currents have shown blanked areas in the records that suggest that the velocity 

and sediment concentration of some areas exceed the ADCP operating ranges of 

velocity and echo intensity. 

Despite the limitations of the ADCPs, this acoustic instrumentation has 

revolutionised the monitoring of submarine density flows and enabled major 

advances in our understanding of the dynamics of submarine density flows in the 

past 10 years (Khripounoff et al., 2009; Sumner et al., 2014; Xu et al., 2013). 
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2.1.1 ADCP datasets analysed in this thesis 

2.1.1.1 Congo Canyon datasets 

ADCP data were collected during two periods (Cooper et al., 2013; 2016). From 

December 2009 to March 2010, a 300-kHz Teledyne© RDI Workhorse ADCP was 

suspended 85 m above the Congo Canyon floor from a fixed mooring. The 

second ADCP was located on a mooring ~700 m down-canyon and operated at a 

lower frequency of 75-kHz (Cooper et al., 2013). These moorings were located on 

the channel floor at a water depth of ~2,000 m (Figure 3.1C and 4.2) (Cooper et 

al., 2013). Two 300-kHz Teledyne© RDI Workhorse ADCPs were subsequently 

deployed at the 2013a and 2013b sites (Figure 3.1B) from January to March 2013, 

suspended 66 m above the canyon floor (Cooper et al., 2016). The 2013b site 

was located 22 km down-canyon from the 2013a site (Figure 3.1B). 

The ADCPs measured flow velocity by transmitting four beams of acoustic energy 

into the water column, which were set at 20° to the vertical, and at 90° to each 

other. The 300-kHz ADCP of the 2009-2010 deployment was set up to measure a 

three-dimensional velocity profile that consisted of 39 individual measurements 

(bins), with a vertical spacing of 2 m. A velocity profile was recorded every 5 s. 

The ADCP records its roll and pitch, neither of which exceeded 1.5º during the 

duration of the instrument deployment. The height of the ADCP above the seabed 

(85 m) and the acoustic beam spread (20º) result in an insonified fluid cone 

(Figure 4.2) that covers a circle of approximately 62 m of diameter on the seabed. 

The exact location of the ADCP footprint within the ~200 m wide canyon floor is 

unknown, but the seafloor reflection at the same bin depth indicates that the 

footprint stayed clear of the canyon wall (Figure 2.2). 

 

Figure 2.2. Raw backscatter plot. Backscatter data averaged over 500 seconds 

and all four beams of the 300-kHz ADCP throughout the turbidity current. The 

echo from the bed occurs around a height of 0 metre. 
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The combination of the 85 m of elevation of the ADCP over the seabed and the 

20º angle of the acoustic beams to the vertical line results in a SLIA that covers 

the first ~5 m above the seabed in this work. However, the two ADCPs in the 

January-March deployment of 2013 were unable to record data within the 

lowermost 18 m of the flows (Cooper et al., 2016). This was because the 

moorings were located toward the margins of the canyon floor such that one or 

more of the ADCP’s four beams returned strong echoes from steeply dipping 

canyon flanks. These strong returns prevented data acquisition within the lower 

18 m of flow (Cooper et al., 2016). Detailed analysis of distances to seafloor 

returns from individual beams indicates that at both 2013 sites, the ADCPs were 

located above the flat canyon thalweg but within ~45 m of the canyon wall (Figure 

2.3). 
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Figure 2.3. Distance to the seafloor in different directions measured by an 

individual ADCP beam at the up-canyon 2013a site and the down-canyon 

2013b site in 2013. The centre of the ADCP beam’s acoustic footprint is located 

on the margin of the flat (red colours) canyon floor and the more steeply inclined 

canyon margin (yellow-to-blue colours). 
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2.1.1.2 Black Sea datasets 

The dataset analysed in chapter 5 was measured on the 1st and 2nd of July 2013 

using a 600-kHz acoustic Doppler current profiler (ADCP) mounted on an 

autonomous underwater vehicle (AUV). The ADCP recorded the velocity of the 

helical flow along six cross-stream transects (T1-T6), and along one downstream 

multi-segmented transect (LS1-LS5), around the submarine channel bend (Figure 

5.1). 

The velocity measurements provided by the ADCP (V
North

, V
East

 and V
Vertical

) were 

referred to the instrument axis instead of to geographical coordinates because 

the ADCP was mounted on a moving vehicle. Additional processing was required 

to analyse heading, pitch and roll of the AUV and to refer the velocity 

measurements to global geographical coordinates. 

 

2.2 Flow front velocity of Congo Canyon flows derived 

from 300-kHz ADCP dataset (2009-2010 deployment) 

The frontal velocity of the turbidity current is derived from the difference in 

arrival time of flow at each of the four acoustic beams of the 300-kHz ADCP 

deployed during 2009-2010 (Figure 2.4). The footprint of four ADCP beams spans 

~45 m X ~ 45 m on the canyon floor. The arrival time of the flow at each of the 

beams is recognized by a strong increase in the backscatter intensity (Figure 2.4). 

The distance between the centers of the four beams is known, but their 

orientation relative to the direction of flow front propagation is uncertain (angle α 

in Figure 2.4). The distances between centers of ADCP beams must therefore be 

calculated in the direction of travel of the flow front (Figure 2.4) to calculate flow 

front velocities. This is done by expressing the arrival time at the individual 

beams as a function of the flow front velocity. The resulting frontal flow velocity 

was found to be 1.2 to 1.5 m/s. Uncertainties in the calculated flow front velocity 

are due to uncertainties in the arrival times resulting from the 5-s spacing 

between consecutive measurements (Figure 2.4). This method assumes that the 

ADCP heading is stable over the period considered (a few tens of seconds, Figure 

2.4), that the frontal velocity does not fluctuate significantly as it travels between 

ADCP beams, and that the flow front is reasonably straight over distances of 

several tens of meters orthogonal to its direction of travel. 
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Figure 2.4. Illustration of the method used to calculate flow front velocity. (A) 

Schematic diagram of flow approaching the deployed ADCP (B) The geometry of 

the four beams, which can be used to define the following relationships for flow 

front velocity (V) in terms of distances X and Y, and time delays between the flow 

from reaching ADCP beams 1 to 4 (t
4-2

 for time between beams 4 and 2 etc); V = 

X(t
4
-t

2
)= X(t

1
-t

3
); V = 2Y (t

3
-t

4
); V = (X+2Y)/(t

3
-t

2
) = (X-2Y)/(t

1
-t

4
). (C) Echo intensity (E; 

expressed in counts) recorded by each individual ADCP beam at flow arrival 

(yellow-greenish area). Highest echo intensity centered on 0 metre above seafloor 

(asb) indicates the position of the seabed. Number in each subpanel indicates the 

ADCP beam number.  
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2.3 Velocity fluctuations from Congo Canyon 300-kHz 

ADCP dataset (2009-2010 deployment) 

Large-scale velocity fluctuations were used here as a proxy for turbulence 

intensity within the flow (Figure 3.3C). These velocity fluctuations were calculated 

by (i) calculating the average velocity over a 1-min period, (ii) subtracting the 1-

min average velocity from a single velocity measurement made at the center of 

this 1-min period, (iii) squaring the velocity difference values, (iv) calculating an 

average velocity difference profile over a 500-s period, and (v) taking the square 

root of the resulting average. Given the 5-s measuring resolution and the 1-min 

moving average, these velocity fluctuations are biased toward large-scale velocity 

fluctuations and should therefore only be used as a crude indicator of turbulence 

intensity. In addition, it should be taken into consideration that the velocity 

fluctuations will also include any possible noise on the data. 

 

2.4 Secondary velocities from Congo Canyon 300-kHz 

ADCP dataset (2009-2010 deployment) 

Secondary circulation is a balancing flow in a plane perpendicular to the flow 

direction. Motion towards one side of the plane at certain flow depths is 

compensated by motion towards the opposite side at the rest of the flow depths. 

Secondary velocities are the velocity components in this plane, across the depth-

averaged flow direction. In our study, the flow depth has been yielded from the 

integrated system of equations (Ellison and Turner, 1959) that provides flow top 

distance to the seabed at each time. The seabed has been located by a 

contrasting high value of echo intensity in a profile of decreasing echo intensity 

measurements in the water column below the ADCP. The measurements within 

the SLIA were removed and substituted by linear interpolated velocities from the 

deepest valid bin measurement to zero at seabed level for the three components 

of the velocity (V
North

, V
East

, V
Vertical

). The maximum velocities have been located in the 

resulting working dataset. Due to the velocity extrapolation method, flows whose 

maximum velocities are within the SLIA will show their peak velocity height at the 

top of this area instead of at the actual height, which is within the unreliable SLIA 

measured area (Figures 4.3 and 4.4). 
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The depth-averaged flow direction was calculated from the depth-averages of the 

North and East components of the velocities given by the ADCP. Secondary 

velocities towards the outer bend are positive while negative towards the inner 

bend (Figures 4.3 and 4.4). 

The calculation of secondary velocity gives values occasionally close to the speed 

of seawater that has been identified as tidal currents (Figure 4.3). Tides strong 

enough could affect the results of the analysis of secondary circulation. 

Secondary velocities for the periods when this happens have been removed from 

the results (Figure 4.3). 

Depth-profiles of secondary velocities were analysed to identify patterns in the 

configuration of the secondary circulation. Secondary velocities were calculated 

for each flow time and arranged by thickness. The average of these values by 

thickness constitutes the depth-profiles of secondary velocities (Figure 4.4A). This 

process was repeated for each turbidity current and the resultant depth-profiles 

were averaged into one only profile (Figure 4.4B). 

Depth-profiles of different thicknesses are formed by different numbers of 

measurements. The depth-profiles were normalized by depth and then averaged 

to obtain a unique profile for primary velocity (Figure 4.4D) and for secondary 

velocity (Figure 4.4E). 

 

2.4.1 Evolution of primary velocity - depth-average magnitude and flow 

direction 

The definition of primary and secondary velocity intrinsically links both variables 

through the flow mean direction. Figure 2.6 shows the evolution of the depth-

averaged primary velocity in relation with the flow mean angle for the same flows 

shown in Figure 4.3. 

The consistency of the flow direction during all the flows suggest that all flows 

were confined in the canyon, whose downstream direction points approximately 

212º in relation with the geographical North. 
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Figure 2.6. Comparison of depth-averaged primary velocity and flow mean 

angle. (A) Flow 1. (B) Flow 4. (C) Flow 10. (D) Combination of all flows. Results 

correspond to 30-minute averages of measurements. Grey line in panels A-C 

shows the measured angle of the channel axis at the deployment site (212º). 

Greyed area represents a +/- 5º variation from the channel axis angle that 

accounts for the 10 m X 10 m bathymetry resolution accuracy. 
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2.4.2 Variability in secondary circulation of depth-normalized profiles  

Figure 4.4 shows that the secondary velocity spans between ~+/- 0.2 m/s for 

profiles sorted by thickness (Figure 4.4B) while the average of the secondary 

velocity of depth-normalized profiles spans between ~+/-0.02 m/s (Figure 4.4.E). 

Figure 2.5 shows that the variability in the depth-normalized secondary 

circulation profiles supports the difference. The presence of variability in the 

exact structure as a function of the flow thickness leads towards an averaged 

value of secondary velocities one order of magnitude smaller than the individual 

profile depth-normalized measurements. 
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Figure 2.5. Variability in secondary circulation measurements of depth-

normalized flows shown in Figure 4.3 (A) Flow 1, depth-averaged secondary 

velocities of flow profiles, (B) Flow 1, mean of depth-averaged secondary 

velocities profiles, (C) Flow 4, depth-averaged secondary velocities of flow 

profiles, (D) Flow 4, mean of depth-averaged secondary velocities profiles, (E) 

Flow 10, depth-averaged secondary velocities of flow profiles, (F) Flow 10, mean 

of depth-averaged secondary velocities profiles. 
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2.5 Sediment concentration from Congo Canyon 300-kHz 

and 75-kHz ADCP datasets (2009-2010 deployment) 

Suspended sediment concentrations within the flow (Figure 3.3D) were obtained 

by inversion of the acoustic backscatter (Figure 2.2) acquired by a 300-kHz ADCP 

(Thorne et al., 1995). They were validated using a second ADCP located on a 

mooring ~700 m down-canyon, which operated at a lower frequency of 75-kHz 

(Cooper et al., 2013). This inversion analysis is innovative, because these are the 

first sediment concentration values derived for any full-scale turbidity current 

from multiple-frequency ADCPs. 

The basic approach is to first convert the raw backscatter data from the receiver 

signal strength indication (RSSI) units to a logarithmic decibel scale and then 

compensate for any bias due to variable orientation of the ADCP beams during 

the measurements. Using the 300-kHz ADCP, the loss of strength (attenuation) of 

echo from the bed was calculated by comparing the bed echo strength before the 

flow event to the echo strength during the flow. A sediment concentration profile 

was inferred assuming uniform grain size throughout the flow, along with a 

reference sediment concentration just above the bed. The sediment concentration 

profile within the flow was computed in an iterative fashion such that it best fit 

the observed change in attenuation of the bed echo before and during the flow. 

We then used the second, 75-kHz ADCP, data to constrain the most likely grain 

size within the flow at each given point in time. This assumes that there is a 

single grain size in a vertical profile above the bed at each given point in time. 

This is done by taking the sediment concentration profile and reference 

concentration inferred previously from the 300-kHz ADCP data and determining 

the grain size(s) that produces the closest fit to the bed attenuation seen in the 

75-kHz ADCP data. Finally, we were able to assess assumptions regarding a 

uniform grain size within the flow using a calculated parameter, Kt, which 

essentially indicates local departures from the backscatter profiles assuming a 

single grain size. 

This method, which first used the 300-kHz ADCP data and then the additional 75-

kHz ADCP data, is now outlined in more detail below. The raw backscatter data in 

RSSI, E, were converted to linear backscatter counts, V, for all beams using 
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      [1] 

where Kc is a measured constant for each of the four transducers (values 

supplied for deployed instruments by Teledyne RDI Inc.) and N is the noise level 

for each transducer channel, determined as the mean of the acquired values at 

the maximum sediment attenuation during the acquisition period. The 

orientation of the ADCP biased the measured backscatter intensity, probably due 

to the side lobe interference in the near-bed bins and variation in the bed 

elevation across the interrogation volume. Hence, for each set of four beam 

profiles acquired with the 300-kHz ADCP, the heading of the ADCP compass was 

used to remove the heading bias in backscatter intensity. This allowed us to 

recover and use the beam that had the lowest acoustic side lobe interference. 

Backscatter (V) from homogeneous suspensions of sediment is randomly 

distributed, so profiles were averaged by determining the root mean square value 

of 100 consecutive profiles over 500 s. 

The ADCP measurement bin with the consistently highest raw echo magnitude 

throughout the record (bin 40) was assumed to contain a bed echo. The bed echo 

attenuation throughout the duration of the turbidity current was then calculated 

as the ratio of the backscatter in bin 40 during the event to the backscatter in the 

same bin of the same transducer beam at the same compass heading before the 

event. Figure 2.7 shows the mean bed attenuation values averaged for the four 

transducers for the duration of the event, as well as the bed attenuation of the 

lower-frequency 75-kHz ADCP. The values are expressed in decibel and are 

derived as 20log
10

(A
bed

), where 

      [2] 

An initial sediment concentration profile can then be derived using water column 

backscatter and an initial reference mass concentration at the bed, assuming that 

the flow contains a uniform grain size. This is because the mass concentration of 

suspended sediment, M(r), as a function of range from the ADCP transducers, r, is 

related to the backscatter magnitude, V
rms

(r), by the following relationship (Thorne 

and Hurther, 2014) 

    [3] 
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where φ(r) is a correction for the transducer’s near field (Downing and Thorne, 

1995); Kt should be constant and describes the sensitivity of the individual 

transducer; Ks is related to the scattering properties of the sediment in 

suspension and is a function of the particle type and size relative to the acoustic 

frequency; α
w
 is the sound attenuation due to the properties of the water and is 

calculated using the formula of Francois and Garrison (1982a, 1982b) as 0.0079 

nepers/m, using a measured mean water temperature of 3.7°C and mean depth 

of 1,924 m, with an assumed pH of 8 and 35 ppt (parts per thousand) salinity; 

and α
s
 is the sound attenuation due to suspended sediment. The range, r, is 

divided into discrete units corresponding to the bin size of 2.13 m along the 

acoustic beams, which are inclined at 20° to the vertical and correspond to a 2.0-

m vertical bin spacing through the water column. 

 

 

Figure 2.7. The bed echo attenuation for 300- and 75-kHz ADCP during the 

turbidity current. 

 

Solving Eq. 3 is nontrivial because the α
s
 (r) expression is itself a function of M(r) 

      [4] 

where ξ(r) is a function of the particle type and size relative to the acoustic 

frequency. The explicit solution of Lee and Hanes (1996), which assumes that the 

grain size is constant for all ranges from the ADCP transducers, was used to close 

the equations. This assumption of a uniform grain size is necessary given the 

lack of information about grain size variability, but it also removes the 

( ) ( ) ( )
0

r

s r r M r drα ξ= ∫
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requirement of knowing the values of the Ks and Kt constants in Eq. 3 (Thorne 

and Hanes, 1996). As a result, the sediment concentration profile M(r) is given by 

    [5] 

where 

     [6] 

and Mref is a known concentration at a reference range, r
ref

. The first value of 

Mref used to determine M(r) is a guess, because the concentration at the 

reference range is unknown. However, for the inversion to remain constrained, 

the reference range needs to be set at the farthest range, that is, the bed, to 

prevent the accumulation of errors beyond the reference range. The attenuation 

coefficient constant, ξ, for the single, assumed, grain size is derived as the sum 

of acoustic scattering and viscous absorption expressions through the water 

column. The acoustic scattering component is evaluated by first calculating the 

scattering cross section, χ, using the heuristic expression of Moate and Thorne 

(2012), which was developed as a generic expression for sands of varying 

mineralogy. The scattering attenuation coefficient is then determined by 

      [7] 

The viscous absorption component, ξ
viscous

, is calculated using Urick’s (1948) 

formula using a value of 1.52 m2/s for the kinematic viscosity of water at 3.7°C 

and an assumed density of 2,650 kg/m3 for the sediment. The plot in Figure 2.8 

shows the values of the sediment attenuation coefficient, ξ, for a single value of 

grain diameter across the range of 0.001 to 1 mm for both ADCP frequencies. For 

small particles, the viscous absorption term dominates and is at a peak for 

clay/silt particles. For diameters greater than ~400 μm, the scattering term 

dominates and ξ increases with diameter. The cumulative through-water 

attenuation of the derived mass concentration profile can be calculated from the 

transducers to the bed (bins 1 to 39), A
profile

, using the profile of M(r) obtained in 

Eq. 5 

     [8] 
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The reference mass concentration can then be adjusted iteratively through the 

above equation set until the cumulative attenuation of the derived concentration 

profile matches the bed echo attenuation and, in essence, when the difference 

between the two attenuation values, A
profile

 − A
bed

, reduces to approximately zero. 

 

Figure 2.8. Sediment attenuation coefficient (ξ) for 300- and 75-kHz 

frequencies, by particles with diameters between 1 and 1,000 µm. 

 

The second 75-kHz ADCP acquired backscatter data over a range of ~230 m 

above the bed at a location on the canyon floor approximately 700 m 

downstream from the 300-kHz ADCP. The bed echo attenuation, A
bed

 (Figure 2.7), 

enables a method of estimating the grain size in suspension by evaluating A
profile

 

at 75-kHz using the M(r) derived with the 300-kHz ADCP. This assumes that the 

suspended sediment structure of the flow remains unchanged over the distance 

of ~700 m along the thalweg. A
bed

  − A
profile

 is therefore calculated for all profiles 

for a single grain size. 

 

 

Figure 2.9. Difference between the bed echo attenuation (Abed) and the 

predicted cumulative echo attenuation (Aprofile) within the water column 

from the 75-kHz ADCP data. The value of A
profile

 is based on the sediment 

concentration profile previously calculated from the 300-kHz ADCP data. The 

difference (A
bed

 – A
profile

) is calculated for a range of grain sizes from 2 µm to 2,000 
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µm. Only two grain sizes (shown by vertical lines) produce a zero value of A
bed

 – 

A
profile

 and thus satisfy both the 75-kHz and 300-kHz backscatter observations. 

This analysis uses backscatter data comprising averages of 100 consecutive 

measurements (pings) acquired over 500 s. It also assumes that a vertical profile 

through the flow at a given point in time comprises only one grain size, whereas 

it is likely that grain size varies with height above the bed. 

 

The suspended grain size for a given concentration profile is found by iterating 

through a range of possible grain sizes and comparing the error between A
bed

 and 

A
profile

 at 75-kHz for each profile. Two solutions were found for each set of profiles, 

considering a plausible range of grain diameters from 0.1 to 1,000 μm. The 

values of A
bed

 − A
profile

 for a single averaged profile are shown in Figure 2.9, and the 

two grain size solutions throughout the event are displayed in Figure 2.10. 

 

 

Figure 2.10. The suspended grain size results derived from the comparison 

between the 300- and 75-kHz ADCP bed echo. Two grain sizes satisfy both the 

75-kHz and 300-kHz ADCP data (‘lower result and higher result’; Figure 2.8). This 

figure shows how those two grain sizes vary over time at the study site. However, 

this still assumes that there is a single grain size in the flow at each point in time, 

and that grain size is not changing with height in the flow. Figure 2.13 shows 

constraints on how grain size varies with height above the bed, as well as 

through time. 

 

The smaller of the two possible grain sizes (4.23 μm) is the most realistic option, 

because it closely matches the average D
50

 of nearby sediment cores that was 2.8 
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μm (Figure 2.12). The final result (Figure 2.11) was therefore derived using a 

uniform grain size of 4.23 μm throughout the event. 

 

 

Figure 2.11. Sediment concentration (g/liter) derived using the ADCP 

backscatter magnitudes. This analysis assumes that the flow contains a uniform 

grain size diameter of 4.23 µm. Potential artefacts are shown by red circles, 

where higher sediment concentrations overly lower sediment concentrations. 

These artefacts may result from variations in grain size within the flow, or from 

other factors, such as flow interactions with tidal currents. The periodic increase 

of the background water velocity has been interpreted as tides (Figure 3.3). This 

increase in background water velocity coincides with an increase in raw echo 

intensity in the water column (Figure 2.2). We suggest that the increase in echo 

intensity is due to a wake of sediment from the turbidity current that experiences 

the friction at the flow top from the opposite-directed tide. 
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Figure 2.12. Cores from floor of Congo Canyon. (A and B) Core photo, x-ray 

images and sample locations. Dating in calendar years before present. (C) Core 

locations in relation to mooring site. (D) Grain size analyses. (E) Examples of 

organic debris from the cores. 
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A key assumption is that the flow contains a single grain size, and we note that 

grain size may vary vertically and through time, and multiple grain sizes may be 

present at one location. In general, sediment concentrations tend to be higher in 

the lower part of the flow, as expected for stable density stratification (Figure 

2.11). The highest sediment concentrations occur at the base of the frontal-cell. 

Sediment concentrations also increase in the tail of the flow, where vertical 

concentration gradients likely become stronger. However, there appear to be 

artefacts within this sediment concentration data set (shown in red circles in 

Figure 2.11), where higher sediment concentrations overlie lower sediment 

concentrations. This inverted density stratification is likely to be unstable and 

unrealistic. Our analysis assumes a single grain size within the flow, and these 

artefacts may be due to vertical changes in grain size or other factors such as 

zones of strong turbulence or the influence on acoustic returns of refraction at 

interfaces with different densities. 

 

 

Figure 2.13. The calibration constant Kt. This constant is a measure of 

differences between the local grain size in the flow, and an assumed uniform 

grain size throughout the entire flow. This figure therefore shows that the lower 

2-3 metres of the flow, during the initial 20-30 minutes of the event, is much 

coarser grained than the rest of the turbidity current. (A) Variation in Kt profiles 

throughout the whole 6 day long turbidity current. (B) Changes in Kt during the 

initial 2 hours of the flow, within the lower 40 metres. 
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To provide an estimate of uncertainties in the calculated sediment 

concentrations, and the amounts of sediment transported by each turbidity 

current (Table 3.1), we also calculated sediment concentrations for flows with 

uniform grain size that vary from 3 to 20 μm, not just 4.23 μm. This grain size 

range reflects modal grain sizes seen in canyon floor cores in the general vicinity 

of our mooring site (Figure 2.12). Flows containing a uniform grain size of 3 μm 

would have sediment concentrations that are 90% of those calculated using a 

uniform grain size of 4.23 μm. Conversely, flows with a uniform grain size of 20 

μm would have sediment concentrations that are 320% of the values calculated 

using a grain size of 4.23 μm. These calculations, with uniform sediment grain 

sizes of 3 to 20 μm, are then used to give the range of sediment transported by 

an average turbidity current (for example, ~1.1 to 3.8 Mt) in the text. However, 

these ranges neglect the effects on backscatter inversions from spatial or 

temporal changes in grain size within a single flow. 

As a test of the methodology, for a concentration profile, M(r), a calibration 

constant, Kt, can be derived for all ranges, r, by evaluating 

       [9] 

If the uniform grain size assumption for a given profile is true, then the value of 

Kt should remain constant throughout the range from the transducers to the bed, 

because Kt is a fixed acoustic property of the transducer. The values of Kt are 

plotted in Figure 2.13. During the first 20 to 30 min, Kt increases significantly in 

the near-bed region (Figure 2.13). This suggests that the mean grain size 

increases toward the bed and that, as a result, sediment concentrations in those 

initial near-bed bins are probably underestimated in Figure 2.11. Throughout the 

remainder of the event, the profiles of Kt remain approximately constant, 

suggesting that the grain size remains relatively constant, albeit with some minor 

variations that map to the artefacts discussed above (red circles in Figure 2.11). 

 

2.6 Bed shear stresses and Shields diagram for Congo 

Canyon 300-kHz ADCP dataset (2009-2010 

deployment) 

Bed shear stresses determine which sediment sizes the flow can transport, and 

whether the flow will pick up additional sediment from the bed or sediment will 

21/2 sr
tK M e αβ=
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settle out of the flow. Bed shear stresses are expressed as a bed shear velocity 

(u*), which can be calculated in two ways. 

First, u* can be derived from the shape of the vertical velocity profile below the 

velocity maximum (Yu and Tan, 2006). This method assumes that the velocity 

profile near the bed is logarithmic. The slope of that log-linear plot is used to 

calculate the value of u*. We only used velocity profiles that had three or more 

measured values below the velocity maximum. In some parts of the flow, the 

ADCP could not measure below the velocity maximum, and this method cannot 

be applied. These u* values are plotted as blue squares in Figure 2.14. 

 

 

Figure 2.14. Bed shear stresses generated by the flow. (A) Bed shear velocities 

plotted over time. The blue square are shear velocities extracted from the 

gradient of the near-bed velocity profiles. The black and grey stars are shear 

velocities extracted from the velocity maximum based on a fixed bed drag 

coefficient. (B) Shields diagram (modified from de Leeuw et al., 2016) showing 

which grain size can be transported either along the bed or in suspension. Here 

we plotted three grain sizes that are expected in the Congo Canyon (200 µm, 80 

µm, and 10 µm). The plot shows that the frontal cell of the flow is the most 
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capable of suspending sediment, and will erode sediment from the canyon floor 

to maintain a suspended sediment concentration profile. The values measured in 

the body of the flow are lower, but still sufficient to keep a suspended sediment 

concentration profile. At the tail of the flow the values drop below the initiation of 

suspension line, and will no longer be able to suspend the sediment in the flow. 

There are as yet few constrains on the initiation of suspension for clay-size 

particle, as indicated by the questions marks. 

 

The second method of calculating the bed drag coefficient links the bed shear 

velocity to the maximum flow velocity (Komar, 1977). The bed drag coefficient is 

assumed to only relate to bed roughness and will be constant for a fixed location 

during the flow. This allows us to extrapolate bed shear velocities for the whole 

flow, based on the maximum flow velocities. Bed shear velocities are then used to 

calculate Shields numbers and boundary Reynolds numbers for different grain 

sizes. We show calculations for three grain sizes: 200, 80, and 10 μm. By plotting 

the results in a Shields diagram (Figure 2.14) (de Leeuw et al., 2016), it can be 

seen that the frontal-cell is powerful enough to suspend all three grain sizes 

under the assumption of a cohesion-less bed. The decreasing values of the 

Shields number and the boundary Reynolds number over the body of the flow 

indicate that erosion will become less vigorous, but sediment will remain in 

suspension. Lower values of u* in the tail show that sediment is no longer 

supported and will begin to settle out. It appears that this produces relatively 

high sediment concentration layers near the bed within the tail of the flow (Figure 

2.11). 

 

2.7 Calculations of water, sediment, and organic carbon 

discharges from the Congo Canyon 300-kHz ADCP 

dataset (2009-2010 deployment) 

Water discharges were calculated by multiplying the flow velocity measured by 

the ADCP at each height above the canyon floor (that is, each bin) by the width of 

the canyon at that corresponding height and the vertical height range of each bin 

(~2m). These values were then summed to give the total water discharge through 

time (Figure 2.15). 
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Figure 2.15. Comparisons of the instantaneous sediment and water 

discharges in the Congo Canyon turbidity current shown in Figure 3.3, with 

the mean annual discharges of water and sediment in major rivers. (A) Water 

discharge in the Congo Canyon turbidity current (blue line) and Mississippi River 

(Milliman and Syvitski, 1992) (black line). The Congo River has a mean annual 

discharge of 41,000 m3/s (Milliman and Syvitski, 1992). (B) Sediment discharge 

within the turbidity current studied here, compared to the average annual 

sediment fluxes from the Mississippi and Congo Rivers (Milliman and Syvitski, 

1992). 

 

Estimates of sediment concentration were then derived from ADCP measurements 

at each bin, as described above. These sediment concentrations will have 

significantly greater uncertainties than the ADCP’s velocity measurements (see 

discussion in section 2.5). Sediment concentrations were multiplied with water 

discharges calculated for each bin to calculate the overall sediment flux during 

each turbidity current (Figure 2.15). This sediment flux may be an underestimate 

because it does not include the lower 3 to 4 m of the flow, which is within the 

ADCP blanking distance. The average sediment flux during a turbidity current is 

estimated to be 2.1 X 103 kg/s (Table 3.1), assuming a uniform grain size of 4.23 
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μm. Assuming a uniform grain size within each flow, which varies between 3 and 

20 μm, the average amount of sediment carried by an individual turbidity current 

then becomes 2.1 X 103 to 6.7 X 103 kg/s. The average turbidity current in the 

Congo Canyon would then carry a total of ~1.2 Mt of sediment during its 6.7-day 

duration, assuming a uniform grain size of 4.23 μm, or 1.1 to 3.8 Mt for uniform 

grain sizes that range between 3 and 20 μm. The amount of sediment 

transported by turbidity currents each year (~22 Mt) is calculated by assuming 

that the average sediment flux of 2.1 X 103 kg/s occurs during 33% of the time 

(Figure 3.3A). 

An average organic carbon content of 3 to 5% weight was assumed for the 

sediment carried within the turbidity current. This value is based on the organic 

carbon content measured within turbidity current deposits on the Congo Fan, 

which are dominated by terrestrial (rather than marine) organic carbon (Stetten et 

al., 2015). This assumes that the composition of sediment within the flow is 

broadly similar to that buried in flow deposits. Oxidization of organic carbon 

during burial of these sediments will result in the amount of organic carbon 

within the flow being underestimated. This calculation results in an annual flux of 

0.5 to 1.1 Mt/year of predominantly terrestrial organic carbon through the 

canyon. This is 1.2 to 2.6% of the estimated 43 Mt of terrestrial organic carbon 

that is buried globally in the oceans each year (Schlünz and Schneider, 2000). 

 

2.8 Congo Canyon turbidity current triggering 

To better understand potential triggers, the timing of turbidity currents in the 

Congo Canyon was compared to environmental variables such as river discharge 

and wave heights. We were unable to carry out robust statistical analysis of 

turbidity current triggering due to the small number (six events) of observed 

turbidity currents. Our analysis of how these flows were triggered therefore 

remains qualitative. 

Turbidity current triggering has previously been linked with sediment-laden river 

flood water discharge at the coast (Mulder et al., 2003). To test this relationship, 

turbidity current timing in the Congo Canyon was compared to river discharge 

data from the Kinshasa gauging station (4.3°S, 15.3°E). This gauging station is 

located ~450 km upstream from the mouth of the Congo River, and it is the 

closest available station. 
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Large waves, internal tides, and standing waves are thought to be able to trigger 

turbidity currents in submarine canyons (Inman et al., 1976; Komar, 1977; Paull 

et al, 2002). Ocean buoys can provide an excellent record of these variables, but 

their global coverage is spatially variable and these data are not always freely 

available. For the Congo Canyon, we therefore used global model data. Six-hour 

estimates of significant wave height (in meters), mean wave period (in seconds), 

mean wave direction (in degrees), and surface pressure (in pascal) were obtained 

from the ERA-Interim global atmospheric reanalysis model produced by the 

European Centre for Medium-Range Weather Forecasts (ECMWF) (Dee et al., 2011) 

at the head of the Congo Canyon (Figure 2.16). The data were gridded at a 

resolution of 0.125°. The data revealed no clear relationship between ocean wave 

or surface pressure characteristics and turbidity current frequency (Figure 2.16). 

Turbidity current occurrence does not coincide with peaks in significant wave 

height, nor do magnitudes vary to the extent that they have when previously 

linked to turbidity current triggering (Patterson, 1974; Pope et al., 2017). It is 

therefore unlikely that the measured turbidity currents were triggered either 

directly by surface waves or after a delay as a consequence of wave action on the 

seafloor. 

Earthquake records during the period in which ADCPs were deployed were 

obtained from the U.S. Geological Survey Advanced National Seismic System 

Comprehensive Earthquake Catalog (ComCat; 

https://earthquake.usgs.gov/earthquakes/search/). The timing of earthquakes 

(Mw > 2.5) within 300 km of the head of the Congo Canyon was compared to 

known turbidity current arrival times. 
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Figure 2.16. Comparison of turbidity current arrival times with possible 

triggering factors in the Congo Canyon. Turbidity current arrival times 

indicated by dashed lines. (A) Significant wave height. (B) Mean wave period. (C) 

Mean wave direction. (D) Surface pressure. (E) River discharge. 
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Chapter 3:  

 

Newly recognised turbidity current structure 

can explain prolonged flushing of submarine 

canyons 

 

This chapter is based upon text published in Science Advances 
(http://advances.sciencemag.org/content/3/10/e1700200 - doi: 

10.1126/sciadv.1700200). The published ‘Material and methods’ and ‘Supporting 
Information’ sections have been relocated into chapter 2 of this thesis. The aim of 

the adjustments is to maintain the flow of the main text through keeping the 
extensive ‘Material and methodology’ and ‘Supporting Information’ sections 

separate. 
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Data collection was led by Cooper. The majority of data analysis was conducted 
by Azpiroz-Zabala with assistance from Cartigny. The methodology for using 
backscatter data to infer sediment concentration was developed by Parsons and 
Simmons. Triggering data were investigated by Clare and Pope. The final 
manuscript has benefitted from contributions from all co-authors along with 
comments from an editor and two anonymous reviewers. 

 

 

 

Abstract 

Seabed-hugging flows called turbidity currents are the volumetrically most 

important process transporting sediment across our planet and form its largest 

sediment accumulations. We seek to understand the internal structure and 

behavior of turbidity currents by reanalyzing the most detailed direct 

measurements yet of velocities and densities within oceanic turbidity currents, 

obtained from weeklong flows in the Congo Canyon. We provide a new model for 

turbidity current structure that can explain why these are far more prolonged 

than all previously monitored oceanic turbidity currents, which lasted for only 

hours or minutes at other locations. The observed Congo Canyon flows consist of 

a short-lived zone of fast and dense fluid at their front, which outruns the slower 

moving body of the flow. We propose that the sustained duration of these 

turbidity currents results from flow stretching and that this stretching is 

characteristic of mud-rich turbidity current systems. The lack of stretching in 

previously monitored flows is attributed to coarser sediment that settles out from 

the body more rapidly. These prolonged seafloor flows rival the discharge of the 

Congo River and carry ~2% of the terrestrial organic carbon buried globally in the 

oceans each year through a single submarine canyon. Thus, this new structure 

explains sustained flushing of globally important amounts of sediment, organic 

carbon, nutrients, and fresh water into the deep ocean. 

 

3.1 Introduction 

Turbidity currents are seabed-hugging flows driven downslope by the excess 

weight of suspended sediment. These flows form the largest sediment 

accumulations on Earth (Bouma et al., 2012). Only terrestrial river systems carry 

similar volumes of sediment (Talling et al., 2013), although one turbidity current 

can sometimes transport more sediment than the annual global flux from all 
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rivers combined (Milliman and Syvitski, 1992; Talling et al., 2007). Understanding 

turbidity current structure and duration is important for mitigating the 

considerable hazard that they pose to expensive seafloor infrastructure, such as 

oil and gas pipelines (Cooper et al., 2013; 2016), or the network of seafloor 

cables that now carries >95% of Internet and other global data traffic (Carter et 

al., 2014). Turbidity currents play a significant role in global carbon cycling and 

sequestration (Galy et al., 2007; Schlünz and Schneider, 2000), supply important 

nutrients to deep-sea ecosystems (Canals et al., 2006), and ventilate the deep 

ocean with fresh water (Kao et al., 2010), whereas their deposits (called 

turbidites) host major petroleum reservoirs worldwide (Nilsen et al., 2008) and 

contain important archives of Earth’s geological past (Nilsen et al., 2008). 

In contrast to many millions of direct observations of velocity and suspended 

sediment concentration in rivers (Milliman and Syvitski, 1992), there are 

remarkably few direct measurements from turbidity currents (Talling et al., 2013). 

These submarine flows are notoriously difficult to monitor due to their relatively 

inaccessible location, often unpredictable occurrence, and ability to severely 

damage instruments placed in their path (Talling et al., 2013). This paucity of 

direct observations has meant that previous models for turbidity currents were 

based mainly on laboratory-scale experiments or inferred from deposited 

sediment layers. To make a step change in understanding of turbidity currents 

and of their wider impacts, there is a compelling need to measure key parameters 

within full-scale events. In particular, we need to understand the internal 

structure of these flows and how this structure then determines the flow 

evolution and duration. 

This study is based on the highest resolution measurements (made every 5 s) yet 

collected within an oceanic turbidity current (Cooper et al., 2013; 2016). Initially 

shown by Cooper et al. (2013; 2016), these measurements were collected in the 

Congo Canyon (Cooper et al., 2013; 2016) at a water depth of 2 km using 

downward-looking acoustic Doppler current profilers (ADCPs) suspended 66 to 85 

m above the seafloor (Figure 3.1). Flows were measured at a single site from 

December 2009 to March 2010 (Cooper et al., 2013), as well as at an additional 

site from January to March 2013 (Figure 3.1, B and C) (Cooper et al., 2016). 
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Figure 3.1. Mooring locations in the Congo Canyon. (A) Map of the Congo 

Canyon showing study area (rectangle), with bathymetric contours in meters. (B) 

Map showing the location of the two moorings deployed in 2013 (Babonneau, 

2002; Cooper et al., 2016). (C) Map showing location of 2010 mooring (Cooper et 

al., 2013). (D) Cross-canyon profile showing ADCP suspended 85 m above the 

canyon floor.	  Location of cross section indicated in (C). 
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A major surprise from both the 2009–2010 and 2013 measurements was that 

individual turbidity currents lasted for almost a week (Figure 3.2 and Table 3.1), 

rather than hours or minutes as in all previous oceanic measurements from 

shallower water (Figure 3.2) (Talling et al., 2013). Here, we present a new model 

of turbidity current structure that explains these prolonged flow durations. This 

model is based on a reanalysis of the ADCP data set collected by Cooper et al. 

(Cooper et al., 2013; 2016), including the application of a novel acoustic 

inversion technique that provides us with a first insight into the distribution of 

sediment within individual flows (see chapter 2). 

 

 

Figure 3.2. Turbidity currents that flush the Congo Canyon are far more 

prolonged than any previously monitored oceanic turbidity current. This 

figure compares the duration of the Congo Canyon flows studied here and 

oceanic turbidity currents that have been monitored previously using ADCPs in 

other shallower water locations (Hughes Clarke, 2016; Khripounoff et al., 2012; 

Liu et al., 2012; Xu et al., 2004; Xu et al., 2010). 

 

Our first aim is to document the internal structure of these turbidity currents, 

which is important because it determines how turbidity currents behave and 

evolve over time and space. Our second aim is to understand why these flows are 

so sustained. We show how their internal structure can explain their prolonged 

duration. Our third aim is to understand why the duration and character of these 

Congo Canyon turbidity currents differ from all previous measured oceanic 

turbidity currents and most laboratory experiments. We conclude by outlining the 

wider implications of this sustained flushing of submarine canyons for 

geohazards, organic carbon fluxes, and benthic ecosystems. 
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3.2 Results  

Turbidity currents were active in the Congo Canyon for ~33% of the time during 

our 2009–2010 deployment period. Six prolonged flows dominate the 2009–2010 

data set (Figure 3.3A). The average flow lasted for 6.7 days, had a thickness of 62 

m, and reached peak velocities of 1.5 m/s (Table 3.1). The highest velocities 

occurred at the front of the flow and are associated with maximum sediment 

concentrations (Figure 3.3, B to D) of up to several tens of grams per liter (Table 

3.1 and Figure 3.3D). The velocity profiles over the remaining part of the flow 

showed considerable variation in their shape (Figure 3.3, E to I), with peak 

velocities of around 0.8 to 1 m/s occurring between 6 and 14 m above the 

seafloor (Table 3.1). Average sediment concentrations are consistently about 

0.02% by volume (Table 3.1). Peak sediment discharges of ~6,000 kg/s (Table 

3.1) exceed the sediment discharges of the Congo River and rival those of the 

Mississippi River (Milliman and Syvitski, 1992). On average, a single turbidity 

current transports 2.3 km2 of water, ~1.1 to 3.8 Mt (million metric tons) of 

sediment, and ~0.03 to 0.19 Mt of organic carbon into the deep sea. Ranges in 

the amount of sediment and organic carbon (Table 3.1) reflect variations in the 

grain size and organic carbon content assumed (see chapter 2). 

 

 

FLOW	   1	   2	   3	   4	   5	   6	   Mean	  

Duration	  [days]	   10.1	   5.5	   5.2	   6.6	   6.3	   6.3	   6.7	  

Maximum	  thickness	  [m]	   53	   57	   48	   69	   77	   68	   62	  

Maximum	  ADCP	  velocity	  [m/s]	   1.2	   1.2	   1	   2.4	   1.9	   1.4	   1.5	  

Average	  ADCP	  velocity	  [m/s]	   0.4	   0.4	   0.3	   0.7	   0.5	   0.4	   0.5	  

Front	  propagation	  velocity	  [m/s]	   0.8	   0.8	   0.7	   1.6	   1.5	   1.0	   1.1	  

Average	  height	  of	  maximum	  velocity	  

above	  the	  bed	  [m]	  
6.8	   6.9	   5.8	   14.2	   11.8	   10.0	   9.3	  

Time	  of	  maximum	  velocity	  after	  

arrival	  of	  the	  flow	  front	  [min]	  
25	   34	   100	   8	   25	   25	   36	  

Average	  sediment	  concentration	  

[%vol]*	  
0.018	   0.020	   0.020	   0.023	   0.020	   0.017	   0.020	  
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Peak	  sediment	  concentration	  [%vol]*	   0.076	   0.047	   0.086	   0.163	   0.168	   0.155	   0.116	  

Maximum	  discharge	  [103	  m3/s]	   4.6	   4.9	   2.7	   14.9	   16.3	   10.4	   9.0	  

Average	  discharge	  [103	  m3/s]	   2.4	   2.8	   1.6	   6.9	   6.0	   3.7	   3.9	  

Maximum	  sediment	  discharge	  [103	  

kg/s]*	  
3.1	   2.7	   2.0	   13.2	   9.0	   6.1	   6.0	  

Average	  sediment	  discharge	  [103	  

kg/s]*	  
1.2	   1.5	   8.8	   4.3	   3.2	   1.7	   2.1	  

Water	  volume	  displaced	  [km3]	   2.1	   1.4	   0.7	   4.0	   3.3	   2.1	   2.3	  

Sediment	  volume	  displaced	  [Mton]*	   1.0	   0.7	   0.4	   2.5	   1.7	   0.9	   1.2	  

Organic	  carbon	  displaced	  [Mton] †	   0.04	   0.03	   0.02	   0.10	   0.07	   0.04	   0.05	  

*Assuming a uniform grain size of 4.23 μm for inverting ADCP backscatter to sediment 

concentration (see chapter 2). †Assuming an average carbon content of 3 to 5% weight, as 

measured within turbidity current deposits on the Congo Fan (see chapter 2) (Stetten et al., 

2015). 

 

Table 3.1. Summary of flow properties of the 2010 deployment (numbering 

corresponds to Figure 3.3A). 
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Figure 3.3. Turbidity current structure and duration from ADCP 

measurements at the 2009–2010 mooring site. (A) Full velocity time series for 

3 months in 2009–2010 (Cooper et al., 2013), showing that flows are active for 

~33% of the time. Single flow in (B) to (D) is shown by the red box. (B) Horizontal 

velocity (30-min averages). (C) Intensity of large-scale velocity fluctuations, 

defined as the root mean square of differences between individual velocity 

measurements and 1-min averages. (D) Sediment concentrations inverted from 

300- and 75-kHz ADCP acoustic backscatter (see chapter 2, and figures 2.2 and 

2.7 to 2.13). This analysis assumes that the flow contains a single grain size, and 

variations in grain size may cause artefacts such as higher concentrations above 

lower concentrations. (E to I) Velocity profiles for different temporal parts of the 

flow. (J) All velocity profiles combined in one plot. 

 

The internal structure of these turbidity currents in the Congo Canyon differs 

from that seen in previous experiments and measurements. On the basis of 

laboratory-scale experiments, previous models for sustained turbidity currents 

comprise an unsteady flow front (the head), followed by a steadier period of flow 

(the body) that finally wanes (the tail) (Figure 3.4A) (Kneller and Buckee, 2000). 
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The head is slower and thicker than the body because it has to displace 

surrounding water. Thus, the faster-moving body feeds the head with sediment-

laden fluid (Figure 3.4A) (Cartigny et al., 2013; Kneller and Buckee, 2000; 

McCaffrey et al., 2003; Middleton, 1993). The highest sediment concentrations 

occur in the head and lower part of the body; concentration, velocity, and flow 

thickness then decline within the tail of the flow (Figure 3.4A) (Kneller and 

Buckee, 2000; McCaffrey et al., 2003). The basic structure and hence behavior of 

turbidity currents in the Congo Canyon differ from these laboratory flows, and all 

previous measurements of surge-type oceanic turbidity currents (Figure 3.2), in 

two important regards. 

 

	  
Figure 3.4. Turbidity current structure in laboratory experiments and in the 

Congo Canyon. Structure is shown by temporal changes in velocity measured 

at one spatial position, with red solid line denoting highest flow velocities. 
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(A) Typical laboratory experiment with a finite-volume (surge-like) release 

(Cartigny et al., 2013; Kneller and Buckee, 2000; McCaffrey et al., 2003; 

Middleton, 1993) or previous oceanographic measurements (Hughes Clarke, 

2016; Khripounoff et al., 2012; Liu et al., 2012; Xu et al., 2004; Xu et al., 2010 ); 

more sustained input would produce a better developed body. Arrows denote 

relative movement of sediment-laden fluid with respect to the flow front, with 

flow front velocity thus subtracted from measured velocities. The arrows show 

whether the body feeds the head. Temporal changes in maximum flow velocity 

are shown by red lines, and velocity profile shapes are shown by blue dotted 

lines. (B) Turbidity current structure in the Congo Canyon. Boundary between 

head and body is determined by the initiation of stable velocity values of the flow, 

which are maintained in the body. Boundary between body and tail is determined 

by a decrease in velocity values of the flow, which finalises with the flow 

extinction. 

 

The first difference is that the Congo turbidity currents are composed of a short-

lived zone (which we call the “frontal-cell”) of faster, dense, and coarse-grained 

flow (Figures 3.3, 3.4B, and 3.5). Our ADCP backscatter inversion indicates that 

coarsest grains and highest concentrations are found within a few meters of the 

bed, close to the flow front (Figures 3.5.C and 3.5D). This frontal-cell runs away 

from the trailing body, unlike most laboratory experiments in which the body is 

faster than the head (Cartigny et al., 2013; Kneller and Buckee, 2000; McCaffrey 

et al., 2003). The frontal-cell is thinner than the trailing body, and the velocity 

data show that the body is not feeding sediment-laden fluid into the frontal-cell 

(Figure 3.3B). Instead, in our observations, the frontal-cell sheds sediment-laden 

fluid into the trailing body (Figures 3.3B and 3.4B). This implies that the frontal-

cell must continuously erode new sediment to replenish the sediment lost into 

the trailing body, making erosion of the canyon floor an important source of 

sediment. Calculations of bed shear stresses indicate that the frontal-cell can 

erode and incorporate sediment from the canyon floor, thus becoming self-

sustaining (Figure 2.14) (Bagnold, 1962). Shear stresses beneath the trailing body 

are lower but still sufficient to suspend sand grains of up to ~200 μm (Figure 

2.14). 
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Figure 3.5. Structure of the frontal-cell during the first 120 min of the flow. 

(A) Horizontal flow velocity. Side lobe interference area (see chapter 2) is covered 

by the gray box. (B) Velocity relative to the flow front propagation velocity (which 

is here fixed at 1.35 m/s). (C) Sediment concentration as derived from the 

acoustic inversion. (D) Variation of the calibration constant (Kt) is used to indicate 

either grain size variation or higher sediment concentrations (see chapter 2). (E) 

Velocity fluctuations. 

 

We introduce the new terms, frontal-cell and trailing body, for the following 

reasons. Sequeiros et al. (2009) used the term “head” for the self-sustaining 

frontal zone of a turbidity current. However, in the vast majority of previous 
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studies, the head is not self-sustaining and has to be sustained by transfer of 

sediment-laden fluid from the body. This is not the case here. To prevent 

confusion, we use the term frontal-cell for a self-sustaining head. Our use of 

frontal-cell also emphasizes the observed circulation pattern (shown by arrows in 

Figure 3.4B) in which fluid moves toward the flow front at the height of the 

velocity maximum, before being deflected upward and returning back toward the 

body in the uppermost and lowermost parts of the frontal-cell. 

The second important difference is that the Congo Canyon flows are remarkably 

prolonged, with velocities of 0.8 to 1 m/s sustained for almost a week before 

dropping off in the tail of the flow (Figs. 3.2 and 3.3). This is in contrast to 

previous oceanic measurements in which an initial velocity peak is followed by a 

continuous decrease in velocity (Figure 3.2). We propose a new model in which 

sustained flow is achieved because the frontal-cell outruns and feeds the trailing 

body, causing the flow to stretch (Figure 3.4B). For example, if the flow front 

travels at 1.2 m/s, and the tail moves at 0.25 m/s, and both travel 170 km along 

the sinuous canyon, then the tail will arrive 6.2 days after the flow front at our 

measurement site. The amount of stretching depends on the relative values of 

the flow front and tail velocities, and reasonable values of these two velocities 

suggest stretching on the order of days (Figure 3.6). Flow stretching has the 

potential to generate ever more continuous turbidity currents further from the 

source, because slower moving events can be overtaken by faster moving ones, 

thus merging into a single longer event. However, previous studies of the deepest 

(>3.4 km) parts of the Congo Canyon have observed powerful but less frequent 

flows (Vangriesheim et al., 2009), suggesting that some flows die out in the lower 

canyon. 

 

Figure 3.6.. Increase in flow duration caused by flow stretching, which is due 

to a difference in the speed of the front and tail of the flow. The plot 

illustrates how variations in tail speed will affect the calculated degree of 

flow stretching. A runout distance of 170 km is assumed, together with 
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frontal speeds of 1.2 m/s to 1.5 m/s. The width of blue line reflects that 

range of front speeds. 

 

This stretching model has then been tested using a second ADCP data set 

collected from January to March 2013 (Cooper et al., 2016). The duration of these 

2013 flows was compared at two sites along the Congo Canyon that are 22 km 

apart (Figure 3.1B) (Cooper et al., 2016). Flow durations at the two moorings are 

shown in Figure 3.7A and Table 3.2. ADCP measurements in the lowermost 18 m 

of these flows are lacking due to reflections from the canyon wall. This is because 

the January-March (2013) moorings were located close to the canyon wall, 

although still within the flat canyon floor (Figure 2.3). Nonetheless, at 18 m above 

the seafloor, the duration of these 2013 flows increased substantially in a down-

canyon direction by an average of 0.74 ± 0.6 days (Figure 3.7A and Table 3.2). 

We note that the 2013 flows tend to be thicker at the downstream mooring, and 

this may also partly explain their longer duration at the downstream site (Table 

3.2). However, this significant increase in measured flow durations between the 

two sites in 2013 generally supports the hypothesis that these flows stretched as 

they moved down-canyon. 

	  

Figure 3.7. Timing and triggers of turbidity currents. (A) Flow velocities 

measured at 18 m above the seafloor by ADCPs at two mooring sites in 2013. Site 
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2013a is located 22 km up-canyon from site 2013b (Figure 3.1B) (Cooper et al., 

2016). Difference in flow duration between site 2013a and 2013b might be due 

to the location of the mooring in relation to the canyon walls, i.e. the section of 

the flow monitored by ADCPs. (B) Turbidity currents of the 2010 deployment 

plotted against two potential triggers: significant wave height in red and Congo 

River discharge at the Kinshasa gauging station in green (see chapter 2). (C) Plot 

of changes in Congo River discharge (blue line), periods when measurement 

instruments were present in the canyon (gray bars) (Cooper et al., 2013; 

Khripounoff et al., 2003; Vangriesheim et al., 2009;), and timing of turbidity 

currents (red dots). The green star is the turbidity current shown in Figure 3.3. 

 

 

* The 2013a site is located 22 km up-canyon from the 2013b site. 

 

Table 3.2. Flow durations, thicknesses, and peak velocity measured at 

heights in excess of 18 m above the bed in 2013. 

3.3 Discussion 

We first discuss whether the prolonged turbidity currents of the Congo Canyon 

result from sustained sediment sources or from internal flow stretching. We then 

seek to understand why these turbidity currents in the Congo Canyon differ 

significantly from most (but not all) laboratory experiments, and all previous 

measurements from full-scale oceanic flows. Finally, we outline the wider 
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implications of these sustained turbidity currents for carbon burial and 

geohazards. 

 

3.3.1 How were these flows triggered? 

It is important to determine whether the prolonged duration of these flows 

results from a sustained initial source of sediment, as opposed to stretching of 

the flow as it moves down-canyon. Several potential triggers can be eliminated for 

these Congo Canyon flows (also see chapter 2). The flows were not triggered by 

earthquakes, because no significant earthquakes [moment magnitude (Mw) > 2.5] 

occurred within 300 km of the canyon during our measurement period (ComCat 

website). There is also no clear correlation between wave height and timing of the 

flows (Figure 3.7B). 

Prolonged turbidity currents have previously been attributed to hyperpycnal river 

floods that plunge to form a turbidity current moving along the seafloor (Mulder 

et al., 2003). However, the turbidity currents described here did not coincide with 

Congo River floods (Figure 3.7B). In addition, the Congo River is characterized by 

particularly low sediment concentrations that would not allow the river water to 

plunge beneath the saline ocean water (Mulder and Syvitski, 1995; Mulder et al., 

2003; Parsons et al., 2001). However, previous cable breaks in the Congo Canyon 

show that powerful turbidity currents are more common during the months in 

which the Congo River discharge is elevated (Heezen et al., 1964). This 

association suggests a connection between river discharge and turbidity current 

frequency, even if the turbidity currents are not formed directly by plunging river 

water. For example, it is possible that increased river discharge produces more 

rapid sediment deposition or large-scale switching of the lowermost branches of 

the braided river mouth, which may lead to more unstable slopes (Clare et al., 

2016; Heezen et al., 1964). 

It has been previously shown that sustained turbidity currents may be initiated by 

prolonged slope failures called breaches. These sustained slope failures tend to 

occur in close-packed sands, which generate negative pore pressures once 

disturbed, resulting in a progressively up-slope migrating head scarp (van den 

Berg et al., 2002; Mastbergen and van den Berg, 2003). However, previously 

observed breaches only lasted for up to several hours, rather than several days, 

as would be needed to trigger these weeklong flows in the Congo Canyon. It 
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cannot be ruled out that more sustained breaching may occur in deep water, or 

prolonged slope failures may be triggered by other (as yet unknown) processes. 

However, it appears that sustained turbidity currents are unlikely to result from 

sustained sources such as plunging river floods or breaching. We submit that 

sustained turbidity currents may develop from a short-lived sediment source due 

to flow stretching, as a result of an erosive frontal-cell that outpaces and feeds an 

expanding trailing body. 

 

3.3.2 Comparison with previous laboratory experiments 

As outlined in Results, the structure of these turbidity currents in the Congo 

Canyon differs significantly from many laboratory-scale flows (Figure 3.4). For 

example, in short-lived experimental flows (termed surges), the head does not 

outrun the body, and the body is rather poorly developed (Figure 3.4A). This may 

be related to an inability for these relatively slow-moving and weak experimental 

flows to entrain sediment from the bed (de Leeuw et al., 2016). Entrainment of 

seafloor sediment is needed to develop a self-sustaining head (that is, a frontal-

cell) such that this initial self-sustaining part of the flow can both push aside the 

surrounding seawater and outrun the body. If the head has a similar or lower 

density than the body, then the body will tend to be faster than the head because 

it benefits from being in the lee of the head. 

However, the laboratory experiments of Sequeiros et al. (2009) show how the 

head of the flow may entrain sediment, thereby making the head self-sustaining. 

In these experiments, the head is seen to become denser and faster as it moves 

downslope, thereby meeting the criteria of self-acceleration (Parker et al., 1986). 

Sequeiros et al. (2009) did not explicitly discuss the implications of a self-

sustaining head for flow stretching, nor did their experiments create a prolonged 

trailing body. However, assuming that sediment in the trailing body does not 

settle out, a self-sustaining head will tend to run away from the body and thus 

stretch the flow. 

 

3.3.3 Comparison with previous measured oceanic turbidity currents? 

These flows in the Congo Canyon have significantly different durations and 

structures from previously measured oceanic turbidity currents (Figure 3.2). We 
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are aware of seven other shallower water locations where vertical profiles of 

velocity or concentration (that is, backscatter) have been measured in oceanic 

turbidity currents, in each case using ADCPs (Hughes Clarke, 2016; Khripounoff 

et al., 2012; Liu et al., 2012; Xu et al., 2004; Xu et al., 2010). In some cases, the 

ADCP velocity profiles were measured only every hour, and the flows were only a 

few hours in duration such that the frontal part of the event was probably not 

captured. 

Turbidity currents in these other locations lasted for between a few minutes and 

~10 hours (Figure 3.2). These flows had a relatively consistent structure in which 

the maximum flow velocity occurred almost immediately behind the flow front, 

which was followed by a continuous decline in velocity (Figure 3.2). This structure 

is similar to that seen in surge-like laboratory experiments (Figure 3.4A). The first 

part of this structure also broadly resembles the frontal-cell within the Congo 

Canyon flows. However, turbidity currents at these other sites lack the elongated 

body that trails behind the frontal-cell in the Congo Canyon flows. Studies of 

flows in Monterey Canyon provide measurements from multiple locations that 

document flow durations at several points in the canyon (Hughes Clarke, 2016; 

Xu et al., 2010). These flows are noteworthy because they did not stretch. Their 

duration initially decreased from 8 to 6 hours and then remained at 6 hours (Xu 

et al., 2004). 

Here, we propose that flows in these other locations also comprise a fast-moving 

frontal-cell (Figure 3.3B), which is erosive and thus self-sustaining. The frontal-

cell also sheds sediment-laden fluid into the trailing flow. However, in locations 

other than the Congo Canyon, we propose that sediment shed into the trailing 

body tends to settle out rapidly, thereby counteracting flow stretching. If this is 

the case, flow stretching will be more pronounced in finer-grained turbidity 

currents in which sediment will settle more slowly. 

This hypothesis is consistent with available field data indicating that flows in the 

Congo Canyon are significantly muddier than in the other seven locations. For 

example, deposits on the floor of Monterey Canyon typically comprise relatively 

coarse sand (Paull et al., 2010), whereas deposits on the canyon floor near our 

mooring sites in Congo Canyon consist of laminated sediments mainly composed 

of clay and silt (Figure 2.12). Deposits found on the lobe at the termination of the 

Congo canyon-channel system are also relatively fine-grained (Dennielou et al., 

2017). 
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We therefore suggest that mud- and sand-rich turbidity currents tend to have 

different flow structures and durations. Mud-rich flows will have much better 

developed bodies, which may become self-sustaining and stretch. Sediment tends 

to settle out from the body of sand-rich flows so that their body is less well 

developed, and they primarily consist of a frontal-cell. Rapid settling from the 

body and tail of the sand-rich flows substantially reduces the degree to which 

these flows stretch. Other parameters, such as bed shear stress, turbulence and 

the ratio of sands and mud, might also influence the structure and duration of 

the flows. 

 

3.3.4 Wider implications of sustained turbidity currents 

This study shows how flow stretching can generate prolonged and powerful 

turbidity currents, which flushed the Congo Canyon for ~33% of the 120-day 

measuring window in 2009–2010 (Figure 3.3A). The wider implications of these 

prolonged flows of sediment and organic carbon into the deep ocean are 

profound. The Congo Canyon is directly connected to the Congo River, which 

drains about 2.2% of the Earth’s land surface, mostly covered by tropical 

vegetation. The total organic carbon transport through the submarine canyon can 

be estimated by assuming that, during 33% (Figure 3.3A) of the time, turbidity 

currents are transporting an average of 2,100 kg of sediment per second (Table 

3.1) that comprises 3 to 5% of organic carbon (Stetten et al., 2015). This 

transport results in the Congo Canyon carrying around 1.2 to 2.6% of the 

terrestrial organic carbon buried annually in the world’s oceans (Schlünz and 

Schneider, 2000). These sustained turbidity currents favour transfer of organic 

carbon into the deep sea (Galy et al., 2007), and they help to explain widespread 

oxygen deficits linked to carbon remineralization (Stetten et al., 2015). Sustained 

input and degradation of large amounts of organic matter have strongly affected 

ecosystem functioning in the deep sea. Unusual seafloor communities have 

recently been described across the distal Congo Fan, resembling those based on 

chemosynthesis at cold seep sites (Congolobe group, 2017). 

The powerful and sustained nature of the turbidity currents described here 

illustrates the challenge of mitigating hazards to important seafloor 

infrastructure, which underpins global telecommunications and energy supplies 

(Carter et al., 2014; Cooper et al., 2013; 2016; Smith, 2013). Previous attempts 

to mitigate this hazard include work to reroute a major gas pipeline beneath the 
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Congo Canyon, using directional sub-seafloor drilling (Smith, 2013). Here, we 

provide new insights into the duration, velocity, and density structure of turbidity 

currents, which are crucial for determining impact forces on seabed 

infrastructure. We show that subsea cables and pipelines must withstand 

powerful flows with discharges comparable to the Congo River or Mississippi 

River that persist for nearly a week rather than for only hours or minutes. 
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Chapter 4:  

 

A	  general	  model	  for	  the	  helical	  structure	  of	  

geophysical	  flows	  in	  channel	  bends 

	  

This chapter based upon text published in Geophysical Research Letter (Azpiroz-

Zabala et al. 2017; doi.org/10.1002/2017GL075721). The published 

‘Supplementary Information’ has been relocated within chapter 2 of this thesis. 
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Abstract 

Meandering channels formed by geophysical flows (e.g., rivers and seafloor 

turbidity currents) include the most extensive sediment transport systems on 

Earth. Previous measurements from rivers show how helical flow at meander 

bends plays a key role in sediment transport and deposition. Turbidity currents 

differ from rivers in both density and velocity profiles. These differences, and the 

lack of field measurements from turbidity currents, have led to multiple models 

for their helical flow around bends. Here we present the first measurements of 

helical flow in submarine turbidity currents. These 10 flows lasted for 1–10 days, 

were up to ~80 m thick, and displayed a consistent helical structure. This 

structure comprised two vertically stacked cells, with the bottom cell rotating in 

the opposite direction to helical flow in rivers. Furthermore, we propose a general 

model that predicts the range of helical flow structures observed in rivers, 

estuaries, and turbidity currents based on their density stratification. 

 

4.1 Introduction 

Extensive submarine channels transport billions of tonnes of sediment for 

hundreds of kilometers, to form vast sedimentary deposits (called submarine 

fans) in the deep sea (Normark, 1970; Savoye et al., 2009; Shepard, 1933). The 

largest submarine fans are fed by highly sinuous submarine channels, suggesting 

that meander bends may enhance sediment transport distances (Pirmez & Imran, 

2003; Straub et al., 2008). Submarine channels host powerful but episodic 

sediment-laden gravity currents called turbidity currents. Individual turbidity 

currents can transport more sediment than the annual flux from rivers worldwide 

(Talling et al., 2007). There are few direct observations of deep-sea turbidity 

currents (Cooper et al., 2016; Khripounoff et al., 2003; Talling et al., 2015; 

Vangriesheim et al., 2009). Before collection of this data set (Azpiroz-Zabala et 

al., 2017; Cooper et al., 2013), there were no detailed (subminute) measurements 

from within a meander bend in the deep sea. Instead, our understanding of 

meandering deep-sea channels was based on laboratory-scale experiments and 

numerical modeling, or on comparisons to rivers, estuaries, and saline density 

flows. 
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Rivers, estuaries, and saline underflows display a helical flow structure when 

passing through a bend, which can be broken into downstream and cross-stream 

components (Figure 4.1; Nidzieko et al., 2009; Parsons et al., 2010; Rozovskii, 

1957; Sumner et al., 2014). The helical structure results from competing forces 

that drive the flow around a bend. Centrifugal acceleration drives fluid outward 

causing superelevation of the flow surface at the outer bend (Rozovskii, 1957; 

Thorne et al., 1985). Superelevation of the flow surface causes a pressure 

gradient that pushes fluid close to the bed toward the inner bend (Rozovskii, 

1957; Thorne et al., 1985). Because the densest fluid in a stratified flow is near 

the bed, this inwardly directed pressure gradient can cause dense fluid to 

accumulate at the inner bend resulting in lateral stratification of the flow. Lateral 

stratification within the flow causes lateral pressure gradients; in particular, if 

dense fluid collects near the inner bend, then this will produce a near-bed 

pressure gradient that pushes fluid back toward the outer bend (Nidzieko et al., 

2009; Sumner et al., 2014). The magnitude and rotation direction of helical flow 

cells is determined by the relative strengths of the above forces, which depend on 

the specific velocity and density structure of a flow and how this structure evolves 

around the bend. Helical flow is important because it strongly influences erosion 

and deposition within a channel and is thus a fundamental control on how 

channels evolve (Peakall et al., 2000; Rozovskii, 1957; Thorne et al., 1985). 

Previous work has demonstrated that the helical structure can vary in two key 

ways. First, it can vary in the direction of rotation. Second, there can be a single 

helix (i.e., one rotating cell) or multiple helices stacked on top of one another 

(Corney et al., 2006, 2008; Imran et al., 2008). Helical circulation in rivers is 

dominated by a single helix that rotates in a clockwise direction when looking 

downstream through a left-hand bend (Rozovskii, 1957; Thorne et al., 1985). 

Initial numerical models for turbidity currents suggested that helical circulation is 

similar to that in a river bend (Kassem & Imran, 2004). However, the first physical 

experiments of helical circulation in turbidity currents showed an opposite 

direction of rotation—with the near-bed flow moving toward the outer bank 

(Corney et al., 2006; Keevil et al., 2006). To complicate matters further, both 

directions of helical circulation (river like and river reversed) have subsequently 

been observed in turbidity current experiments and models, depending on flow 

conditions and channel morphology (Abad et al., 2011; Bolla Pittaluga & Imran, 

2014; Cossu & Wells, 2010; Dorrell et al., 2013; Ezz & Imran, 2014; Giorgio 

Serchi et al., 2011; Huang et al., 2012; Imran et al., 2007; Islam & Imran, 2008; 

Janocko et al., 2013). 
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Flow around bends in well-mixed estuaries show a river-like basal helical 

circulation, while stratified estuaries and saline flows are river reversed (Nidzieko 

et al., 2009; Wei et al., 2013). In stratified flows, across-flow variation in 

stratification (i.e., flow density) sets up an additional lateral pressure gradient 

that is thought to play a key role in determining the direction of the flow rotation 

(Nidzieko et al., 2009; Sumner et al., 2014). Such stratification-triggered pressure 

gradients have been suggested to be important for turbidity currents, which are 

density stratified because of vertical variations in sediment concentration (Peakall 

& Sumner, 2015; Sumner et al., 2014). This hypothesis remains untested because 

of a lack of field-scale observations of turbidity currents. 

Here we present the first direct measurements of turbidity currents at a meander 

bend in the ocean, including 10 flows with varying flow conditions. We use these 

data to determine the rotation direction of helical flow within these turbidity 

currents. This provides the first field test of existing numerical and experimental 

models. Second, we determine how flow structure varies with fluctuating flow 

properties and discuss the implications for the morphological evolution of 

submarine channel bends. Finally, we compare our results with existing field 

measurements in other geophysical flows and propose a general model for helical 

flow structure across a wide range of geophysical flows, including rivers, saline 

density flows, and turbidity currents. 

 

Figure 4.1. Schematic showing the helical flow observed in rivers (modified 

from Transportation Research Board, 2004). Red arrows indicate rotation of flow 

towards the outer bend. Blue arrows indicate rotation of flow towards the inner 

bend. 
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4.2 Study area 

Our data were recorded at 2,000 m water depth in the Congo Canyon (Azpiroz-

Zabala et al., 2017; Cooper et al., 2013). The Congo Canyon is the proximal part 

of one of the largest submarine channel systems on Earth, which is fed directly by 

the Congo River (Heezen et al., 1964). The submarine channel extends for over 

1,000 km, from the continental shelf to its final termination at 5,000 m water 

depth (Heezen et al., 1964; Khripounoff et al., 2003). The upper part of the 

Congo Canyon has a meandering planform with tight bends, a deeply incised 

thalweg, and numerous terraces (Figure 4.2). The Congo Canyon is a highly active 

system in the present day. Several turbidity currents occur each year in the upper 

canyon, based on cable breaks (Heezen et al., 1964) and direct flow 

measurements (Azpiroz-Zabala et al., 2017; Cooper et al., 2013, 2016; 

Khripounoff et al., 2003). 

	  

Figure 4.2. Location of the ADCP in the Congo Canyon. (A) Map of the Congo 

Canyon showing the study area (rectangle), with bathymetric contours in meters. 

(B) Detailed map showing the location of the instrumented mooring (green circle). 

Bold line indicates cross-canyon profile in Figure 4.2C. I and O denote the inner 

bend and outer bend, respectively. (C) Cross-canyon profile at deployment 

location showing acoustic Doppler current profiler (ADCP) suspended 85 m above 

the canyon floor. 
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4.3 Methods 

This data set represents the first detailed direct measurements of turbidity 

currents in the deep ocean (Azpiroz-Zabala et al., 2017; Cooper et al., 2013). Ten 

flows were measured, with durations ranging from 8 h to over 9 days. Flow 

thicknesses varied from 16 m to 75 m, and flow velocities reached up to 2.3 m/s 

(Azpiroz-Zabala et al., 2017). 

The data were collected using a 300-kHz acoustic Doppler current profiler (ADCP) 

anchored downstream of a meander bend in the Congo Canyon (Figure 4.2). The 

ADCP emits acoustic signals into the water column and computes averaged flow 

velocities over the acoustic footprint based on the Doppler shift (see chapter 2). 

The ADCP was downward looking and moored 85 m above the seafloor from 

December 2009 to March 2010 (Figure 4.2). Velocities were measured every 5 s 

and vertically averaged over 2 m high grid cells called bins (Cooper et al., 2013). 

We deduce the helical circulation from the vertical velocity profiles measured by 

the ADCP by calculating primary and secondary velocities. We define primary 

velocity as follows. First, we evaluate the flow direction for each ADCP velocity 

measurement binned by depth and average the velocities in this vertical profile to 

obtain the mean flow velocity direction. The primary velocity is then the 

component of velocity parallel to the mean velocity direction in a horizontal 

plane. We then define secondary velocity as the component of the velocity 

measurements perpendicular to the mean velocity direction (Rozovskii, 1957). In 

a similar way to previous studies of helical flows made with single moorings, we 

use the secondary velocity to infer the helical flow structure (Nidzieko et al., 

2009). The sign of the secondary velocity represents the direction of the 

secondary flow captured by the ADCP with positive values directed toward the 

outer bend and negative values toward the inner bend. The Rozovskii definition 

of secondary circulation assumes that the total outward directed velocity balances 

an equal total inward directed velocity. These secondary flow vectors define 

circulation cells that provide a two-dimensional view of the helical flow in the 

across-flow section (Figure 4.3 and schematic drawing in Figure 4.4B). 

The ADCP data were processed using the following steps (see chapter 2 for more 

detail): 

1. Data were linearly interpolated from velocities of 0 m/s at the seabed to 

the velocity value of the lowest reliable measurement at 5 m above the 
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seafloor following the method by Sumner et al. (2013) (side lobe 

interference area, see chapter 2). 

2. The thickness of the flow is calculated following the integral relation by 

Ellison and Turner (1959). 

3. The resultant vertical velocity profiles were depth averaged to obtain the 

average flow velocity and depth. 

4. Primary and secondary velocities were calculated respectively as parallel 

and perpendicular to this average flow direction using the Rozovskii method 

(Rozovskii, 1957). 

5. Additional interpolated velocity values in the side lobe interference area 

(see chapter 2), such as logarithmic values, were tested and similar general 

trends were obtained. 

5. Results were averaged over 30 minutes to reduce sampling deviation of 

measurements. 

6. Profiles influenced by tidal currents with magnitudes approaching that of 

the secondary circulation velocities were removed (see chapter 2). 

7. Patterns of helical flow were analyzed by arranging the data by flow 

thickness. 
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Figure 4.3 Primary (top) and secondary (bottom) velocities for three events 

recorded in the Congo Canyon. (A) Flow 1 is the longest duration flow. (B) Flow 

4 shows the most stable secondary circulation structure. (C) Flow 10 is the fastest 

flow entirely recorded. Yellow lines in secondary velocity panels indicate height 

above the seabed (asb) of maximum velocity. Areas of side lobe interference are 

shaded at the bottom of each panel. Blank areas in secondary velocity panels 

define tidal currents (see chapter 2). 
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4.4 Results 

We visualize and quantify helical flow in field-scale turbidity currents (Figure 4.3). 

The 10 measured flows vary in maximum thickness, duration, and primary 

velocity. Surprisingly, despite these variations, the secondary circulation pattern 

remains consistent among most flows (i.e., those 28–52 m thick; Figure 4.4). The 

secondary circulation comprises two vertically stacked cells, and this structure is 

independent of primary velocity and flow thickness (Figure 4.4). The lower cell 

rotates in a river-reversed direction, counterclockwise when looking downstream, 

while the upper cell has the opposite rotation direction (Figure 4.3 and schematic 

drawing in Figure 4.4B). In flows thinner than 28 m, the lower half of the bottom 

cell lies within the side lobe interference area and thus is not imaged accurately 

(see chapter 2). Flows thicker than 52 m appear to lack a consistent two-cell 

pattern; this results from having few (<3) profiles with these thicknesses, and 

thus individual profiles having a disproportionate impact on the average pattern 

(Figure 4.4). 

The average normalized secondary flow profile has maximum velocities from 

0.02 to 0.09 m/s, which are 2–5% of the corresponding primary flow velocity. The 

same two-cell pattern holds for thinner flows (28–34 m thick); however, the 

magnitude of secondary circulation is lower. In all cases, the center of the 

lowermost circulation cell corresponds to the height of the maximum primary 

velocity. 
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Figure 4.4 Profiles of the event-averaged primary and secondary velocity, 

which are ordered by flow thickness. (A) Event-averaged secondary velocity 

profiles arranged by their flow thickness. (B) Average of profiles shown in Figure 

4.4A. Red colours denote positive secondary velocities, toward the outer bend. 

Blue colours denote negative secondary velocities, toward the inner bend. (C) 
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Event-averaged primary velocity profiles arranged by their flow thickness. (D) 

Depth-normalized primary velocity profile, and (E) depth-normalized secondary 

velocity profile constructed by averaging over all available measurements. 

Normalization has been calculated according to flow depth and might bias 

averaged velocities toward faster velocities. Masb in x axis in Figures 4.4A–4.4C 

denotes meters above seabed. The yellow stars in Figures 4.4B and 4.4C indicate 

the height of the maximum primary velocity. Profiles in side lobe interference 

area are shown in gray. Horizontal gray line marks the top of side lobe 

interference area. 

 

4.5 Discussion 

4.5.1 Observations of turbidity currents are consistent with previous 

models of stratified saline flows 

Circulation cells form predominantly by the interaction of competing pressure 

gradients (Figures 4.5A–4.5C). In river-like circulation, centrifugal forces drive 

superelevation of the flow at the outer bend, generating a pressure gradient that 

drives near-bed flow toward the inner bend. River-like circulation can occur in 

density currents despite their near-bed velocity maximum because centrifugal 

acceleration moves the velocity maximum upward and outward (Sumner et al., 

2014). In stratified saline density flows, an additional counteracting pressure 

gradient is generated by dense fluid accumulating near the inner bend, which 

sets up a lateral pressure gradient that drives near-bed flow toward the outer 

bend (Figures 4.5A and 4.5B) (Nidzieko et al., 2009; Sumner et al., 2014; Umlauf 

& Arneborg, 2009). Such lateral pressure gradients may be enhanced by lateral 

velocity variations (Eggenhuisen & McCaffrey, 2012a). If the stratification-

triggered pressure gradient dominates, then near-bed fluid is forced back toward 

the channel axis causing a river-reversed direction of rotation (Nidzieko et al., 

2009; Sumner et al., 2014; Umlauf & Arneborg, 2009). It was hypothesized that 

this mechanism might apply to sediment-laden turbidity currents (Sumner et al., 

2014)—we provide the first field data to support this. 
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Figure 4.5 Schematic summary of secondary circulation patterns around a 

bend and their controls. Secondary circulation patterns result from competition 

between two main pressure gradients present in flows in bends. (A) Pressure 

gradient due to the water surface superelevation against the outer bend set up by 

centrifugal forces, and (B) pressure gradient due to stratification gradients in a 

density-stratified flow. Arrows denote resulting secondary flow patterns. Red 

denotes flow toward outer bend, and blue denotes flow toward inner bend, as in 

other figures. (C) Combination of secondary circulation cells due to 

superelevation and stratification pressure gradients in Figures 4.5A and 4.5B. 

Panel shows secondary circulation cells for two scenarios. The first scenario (C1) 

is when the pressure gradient due to superelevation is dominant, and the second 

scenario (C2) is when the pressure gradient due to density stratification is 

dominant. Schematic summaries of resultant secondary velocity around a bend. 
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(D) Model for most rivers and coarse turbidity currents (scenario A), (E) Model for 

well-mixed flows (scenario B), and (F) Model for stratified flows (scenario C). 

Thickness of secondary circulation arrows denotes intensity of the flow. Flow 

structures in the schematics were identified in the studies shown in italics next to 

the schematics. 

4.5.2 Application of saline flow model to our observations 

Our measurements were collected downstream from a bend apex (Figure 4.2). 

Therefore, the measurements are the result of evolving processes operating 

within the bend. As the flow travels around the bend, it experiences a centrifugal 

force that causes flow superelevation at the outer bend, generating a pressure 

gradient toward the inner bend (Figure 4.5A). This generates a single, river-like 

cell that pushes suspended sediment toward the inner bend. Accumulation of 

sediment-laden fluid at the inner bend causes a lateral pressure gradient that 

opposes the flow of sediment-laden fluid toward the inner bend (Figure 4.5B). In 

our observations just downstream of the apex, the centrifugal acceleration 

decreases, and therefore the inwardly directed pressure gradient (caused by 

superelevation) decreases. Thus, the outwardly directed pressure gradient 

(caused by stratification) equals the original superelevation-driven force. Cross-

stream near-bed flow must stop before switching to become outwardly directed 

as the centrifugal forces start to decrease (Figure 4.5C). Our suggested model 

contrasts with earlier models that proposed that switching of secondary flow 

direction occurred between bends (Giorgio Serchi et al., 2011; Peakall & Sumner, 

2015). Also, rather than reversing the original direction of the flow cell, this 

process spawns a new river-reversed near-bed flow cell, which is located beneath 

the original river-like flow cell (Nidzieko et al., 2009). This produces the observed 

two-cell structure. The upper cell is driven by pressure gradients due to flow 

superelevation. The lower cell is driven by pressure gradients due to lateral 

stratification (Figures 4.3 and 4.4). The thickness of the bottom cell is controlled 

by the height that sediment is elevated when pushed toward the inner bend. We 

observe correlation between the heights of maximum downstream velocity and 

the center of the bottom cell. This probably results from difficulties in mixing 

sediment across the low turbulence zone around the velocity maximum in 

turbidity currents (Eggenhuisen & McCaffrey, 2012b). 
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4.5.3 A general model for helical flow 

In this section, we extend the above model to predict helical flow structure in a 

diverse array of geophysical flows, ranging from rivers to saline density flows and 

turbidity currents. 

All flows experience centrifugally driven superelevation of their upper surface 

that creates a pressure gradient causing river-like helical flow (Figure 4.5A). This 

can cause accumulation of dense fluid or sediment toward the inner bend, which 

creates lateral stratification and causes an opposing pressure gradient back 

toward the outer bend (Figure 4.5B). We suggest that three potential scenarios 

exist (Figures 4.5D–4.5F), depending on which of these two pressure gradients 

dominate. 

In scenario A (Figure 4.5D), a single weak river-like cell arises. The centrifugally 

driven pressure gradient displaces sediment to the inner bend as bed load but 

has insufficient energy to suspend the sediment. Therefore, there is no lateral 

stratification-driven pressure gradient back across the channel axis. We propose 

that scenario A occurs in bed load-dominated rivers and coarse-grained turbidity 

currents, and deposits point bars at the inner bend apex (Bagnold, 1977; Thorne 

et al., 1985). 

In scenario B (Figure 4.5E), a single river-like cell is created. However, in this case 

the centrifugally driven pressure gradient is sufficient to move and suspend 

sediment at the inner bend. This results in a lateral stratification-driven pressure 

gradient that is smaller than the centrifugally driven pressure gradient. Thus, 

sediment remains in suspension and follows the streamlines of the circulation 

cell, causing overturning and mixing. We propose that scenario B occurs in well-

mixed flows such as suspension-dominated rivers and saline flows, where 

sediment remains suspended with no deposition (Chikita, 1989; Nidzieko et al., 

2009). 

In scenario C (Figure 4.5F), two circulation cells are formed, with the lowermost 

cell showing river-reversed behavior. Here the centrifugally driven pressure 

gradient pushes sediment toward the inner bend. This stratification generates a 

lateral pressure gradient back across the channel. When the stratification-

triggered pressure gradient is larger than the superelevation-triggered pressure 

gradient, cross-stream flow slows down and momentarily stops (Figures 4.5C and 

4.5F). As the superelevation-generated pressure gradient decreases beyond the 

bend apex, the lateral pressure gradient due to sediment stratification causes 
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suspended sediment to flow back toward the channel axis. This generates a new 

helical flow cell, beneath the original cell. This bottom cell is river-reversed and is 

initiated just downstream of the bend apex where centrifugal forces decline. 

Above the new lower cell, the original river-like cell continues to rotate (Figure 

4.5F). We propose that scenario C occurs in strongly stratified rivers, saline flows 

and turbidity currents, and sediment deposits downstream of the bend apex 

(Chikita, 1989; Darby & Peakall, 2012; Nidzieko et al., 2009; Parsons et al., 2010; 

Wei et al., 2013). 

 

4.5.4 Application of the general model to a range of geophysical flows 

Our new model differs from previous models (Dorrell et al., 2013; Giorgio Serchi 

et al., 2011; Peakall & Sumner, 2015) with respect to (i) the location in the 

channel system where a second basal cell develops and (ii) the importance of 

confinement in secondary circulation. In addition, our new model predicts the 

helical flow structure across a diverse array of particle-laden or saline flow types. 

Previous work suggested that the rotation direction of secondary circulation is 

constant around an individual bend and only changes its rotation direction 

between adjacent bends (Giorgio Serchi et al., 2011). Here we propose that this 

hypothesis holds for the upper helical flow cell, which is governed by centrifugal 

forces. However, when a lower helical flow cell develops, this reversed flow cell is 

generated just downstream of the bend apex. Second, we propose that the level 

of confinement of the channel systems plays an important role in secondary 

circulation. In confined systems, sufficiently stratified flows will show an upper 

river-like helical flow cell. However, in unconfined systems this upper cell may 

overspill and thus destroy itself, leading to a single river-reversed basal 

circulation cell (Dorrell et al., 2013). 

This new general model can be applied to a large range of flows, from coarse-

grained rivers to saline density flows. Here we discuss the implications of the 

model for understanding the architecture and the evolution of submarine 

channels. We consider the behavior of multiple turbidity currents with the same 

size and stratification traveling through an evolving submarine channel. We 

hypothesize that stratified turbidity currents will behave according to scenario C 

of our model. In this case, near-bed flow is driven toward the outer bend by 

pressure gradients generated by density stratification within the flow. Previous 

studies suggested (Peakall et al., 2000) that this type of secondary flow causes	  
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sediment to be deposited as point bars located downstream of bend apices. 

These point bars would increase the meander curvature, thus increasing the 

centrifugal forces and superelevation experienced by subsequent turbidity 

currents. However, once the pressure gradient toward the inner bend generated 

by superelevation exceeds the pressure gradient toward the outer bend 

generated by lateral stratification, then flow would switch to scenario B. In this 

case, near-bed flow is driven toward the inner bend by centrifugally driven 

pressure gradients. These pressure gradients exceed the lateral stratification-

driven pressure gradients. As a consequence, the helical flow overturns sediment 

in suspension, thereby resulting in no deposition. At this point, the channel 

would cease meandering and its planform would become locked for flows of such 

size and stratification. 

The largest submarine fans on Earth are fed by meandering channel systems. We 

propose that helical circulation around bends causes sediment to slosh from side 

to side or be overturned continuously, thereby helping to keep the sediment 

suspended over long distances. Together with fluid turbulence, helical flow thus 

plays a role in the extraordinary ability of turbidity currents to transport very 

large quantities of sediment for hundreds of kilometres. 
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Chapter 5:  

 

Helical structure of a stratified gravity 

current on the Black Sea Shelf 
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Abstract 

The flow structure of submarine density currents is fundamental in determining 

the locus of erosion and deposition in submarine channel systems and thus is 

important for understanding channel evolution. When submarine density currents 

flow around bends they adopt a helical structure. The structure and rotation 

direction of this helical structure in density currents has been a matter of 

contention and considerable debate over the last decade. We used an acoustic 

Doppler current profiler deployed from an autonomous underwater vehicle to 

study the three-dimensional structure of a density current flowing around a 

channel bend on the Black Sea Shelf. In addition, we measured the density of the 

flow and took grab samples to analyse sediment distribution on the seafloor. In 

order to study the helical structure of flows it is usual to decide upon a frame of 

reference and then decompose the flow into a downstream and a cross-stream 

component. Both components of the helical flow vary around meanders; however, 

most of the studies in submarine helical flows are based on the analysis of the 

cross-stream component only. Here we use different frames of reference (based 

on channel wall direction or flow direction) to calculate the downstream and 

cross-stream components of a submarine helical flow for which, unusually, we 

know the three-dimensional structure. Our results demonstrate that the chosen 

frame of reference strongly affects the apparent cross-stream structure of the 

flow to the extent that in different frames of reference the flow appears to rotate 

in different directions. This likely explains much of the apparent contradictions in 

the existing literature. We consider the suitability of different frames of reference. 

Furthermore, we compare the structure of the helical flow in this density current 

with predictions of what the helical flow should look like from previous models. 

Finally we consider the relationship between the measured flow with the 

morphology and sediment distribution on the seafloor. 

 

 

Terminology 

Downstream  Towards deeper water depths 

Downstream  Towards deeper water depths following the direction of the 

flow 

Cross-stream  Perpendicular to downstream direction 
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Cross-stream  Perpendicular to downstream direction 

‘Cross-channel’ Frame of reference that assumes that the cross-stream 

direction is normal to the channel direction 

‘Rozovskii’ Frame of reference that assumes that the cross-stream 

direction is normal to the depth-averaged flow direction 

‘Zero net flow’ Frame of reference that assumes that the cross-stream 

direction is normal to the transect-averaged flow direction 

 

5.1 Introduction 

Helical flows are spiralling flows that form at the bends of meandering channel 

systems. Their screw-shaped structure has been recognized in geophysical flows 

in diverse environments (i.e. gravity currents, estuaries, rivers) (Rozovskii, 1957; 

Nidzieko et al., 2009; Parsons et al., 2010; Sumner et al., 2014). Underwater 

meandering channel systems are associated with hydrocarbon reservoirs (Nilsen 

et al., 2008), and with submarine fans, which are the largest sediment deposits 

on Earth (Normark, 1970; Savoye et al., 2009; Shepard, 1933). Helical flows have 

been linked to the enhancement of sediment support, and thus transport, as well 

as causing increase in the curvature of meandering channel systems (Peakall et 

al., 2000; Pirmez and Imran, 2003; Straub et al., 2008). Increased curvature is a 

result of erosional and depositional patterns in the near-bed area, which in turn 

results from the structure of the helical flow throughout the depth of the flow. 

Helical flow in rivers is well studied and understood (Rozovskii, 1957; Thorne et 

al., 1985). Centrifugal acceleration as rivers flow around bends causes the river 

surface to superelevate towards the outer bank. This generates a pressure 

gradient that pushes water at the base of the river towards the inner bank, with a 

return flow towards the surface of the river top that flows towards the outer bank 

(Rozovskii, 1957; Thorne et al., 1985). 

In contrast to rivers, submarine flows, such as turbidity currents, are difficult to 

predict and to measure directly (Azpiroz-Zabala et al., 2017a; Clare et al., 2017; 

Inman et al., 1976; Talling et al., 2013). Consequently, their 3-dimensional (3D) 

helical structure has mainly been studied through experimental or numerical 

approaches. In order to do this, the flow is decomposed into downstream and 
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cross-stream two-dimensional (2D) slices (Abad et al., 2011; Bolla Pittaluga and 

Imran, 2014; Corney et al., 2006; Dorrell et al., 2013; Giorgio Serchi et al., 2011; 

Huang et al., 2012; Imran et al., 2007; Islam and Imran, 2008; Parsons et al., 

2010). Thus, the 3D helical structure is viewed as a two-dimensional (2D) 

circulation cell or cells. Previous studies have made different conclusions about 

the helical structure of submarine gravity currents and its river-like (inwardly-

directed) or river-reversed (outwardly-directed) basal circulation (Corney et al., 

2006; 2008; Kassem and Imran, 2004; Imran et al., 2008). Recent studies 

highlighted the importance of considering the 3D nature of the helical flow and 

thus the limitations of viewing the helical structure in 2D (Azpiroz-Zabala et al., 

2017b; Nidzieko et al., 2009; Sumner et al., 2014). These studies suggest that 

helical structure in submarine flows is mainly driven by the competition of 

pressure gradients due to (i) the superelevation; and (ii) the density stratification 

of the flow. 

The magnitude and direction of these pressure gradients vary around the bend, 

and the time it takes for the flow to respond to these changing pressure 

gradients may also vary (lag time) (Azpiroz-Zabala et al., 2017b ; Nidzieko et al., 

2009; Sumner et al., 2014). As a result, it may not be appropriate to try to 

balance the flow in a single 2D section because 2D sections study the flow 

structure within the defined section only and miss the variation of the flow 

structure in the third dimension. As such 2D views of the flow are partial 

representations of the flow that rely upon a frame of reference. This frame of 

reference is defined by arbitrary criteria that differ among different studies. For 

example, the frame of reference might be defined based on the direction of the 

channel or might be defined based on the direction of the flow. Additionally, the 

scarcity of direct measurements of submarine gravity flows around bends has 

prevented full 3D analysis of helical flow structure. 

In this study, we present the first combined velocity and density field 

measurements of a continuous saline gravity flow at the entrance, apex and exit 

of a submarine bend. In order to study the flow we: (1) decompose the 3D flow 

into 2D slices using different frames of reference; (2) analyse how the different 

frames of reference affect our understanding of the structure of the helical flow; 

(3) compare the helical structure of the measured flow with previous models that 

aim to predict the structure of helical flow; (4) integrate measured 3D helical flow 

structure with measurements of grain size distribution and bathymetry of the 
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channel bend, to better understand the interaction between helical flow and 

sediment transport. 

 

5.2 Area of study and methodology 

5.2.1 Study area 

The study area is located on the Black Sea Shelf, downstream from the Bosphorus 

Strait, which connects the Black Sea to the Marmara Sea. The study area 

comprises a channel and the surrounding shelf. The channel turns towards the 

West downstream forming an eroded bend on the seafloor, whose exit direction 

is approximately perpendicular to the entrance direction (Figure 5.1). The channel 

has most likely hosted submarine gravity flows for the past 7.5 ka (Flood et al., 

2009). These submarine gravity flows occur as a result of the difference in 

density between the submarine flow and the ambient seawater. The 

Mediterranean Sea water excess of salinity (16-17 practical salinity units) with 

respect to the Black Sea water causes the excess of density that results in a 

submarine saline gravity flow through the channel. 

The water depth of the channel thalweg within the bend spans from ~65 m to 

~80 m, and the width of the channel ranges from ~400 m to ~725 m. The 

channel walls have heights from ~15 m to ~35 m above the thalweg (Figure 5.1). 

Hydraulic jumps have been previously identified upstream of the bend (Figure 

5.1). These hydraulic jumps disrupt the velocity structure of the flow, which then 

stabilises before entering the bend studied here (Dorrell et al., 2016; Sumner et 

al., 2013). 



Chapter 5 

80 

	  

Figure 5.1. Bathymetry of the study area and surroundings showing cross-

stream (T1-T6) and downstream transects (LS1-LS5). Black lines show AUV 

tracks, yellow lines show nearest approximation of ship tracks to straight lines. 

Stations of CTD deployments are marked with black crosses. 
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5.2.2 Data collection 

The flow in this study was measured on the 1st and 2nd of July 2013 using a 600-

kHz acoustic Doppler current profiler (ADCP) mounted on an autonomous 

underwater vehicle (AUV). The ADCP recorded the velocity of the helical flow 

along six cross-stream transects (T1-T6), and along one downstream multi-

segmented transect (LS1-LS5), around the submarine channel bend (Figure 5.1). 

The downstream and cross-stream transects were designed as sections 

perpendicular and parallel to the channel respectively. Each of the six cross-

stream transects was surveyed between 2 and 4 times. This was done to reduce 

the measurement scatter from one transect survey, and to obtain quantitative 

details of the flow structure (Parson et al., 2013; Szupiany et al., 2007). The ADCP 

was flown between ~10 and ~40 m above the channel floor. 

Depth profiles of conductivity and temperature were measured using a 

conductivity-temperature-depth profiler (CTD) deployed at multiple stations along 

each of the six cross-stream transects (T1-T6). CTDs in transects T4 and T5 were 

deployed on different days (Table 5.1). 

	  

Transect T1 T2 T6 T4 T5 T6 

ADCP 01/07/13 01/07/13 01/07/13 01/07/13 01/07/13 01/07/13 

CTD 03/07/13 02/07/13 03/07/13 28/06/13 

30/06/13 

01/07/13 

30/06/13 

02/07/13 

01/07/13 

Table 5.1. Days of collection of data in cross-stream transects. 

 

The bathymetric data were collected using a hull-mounted EM302 multibeam 

echosounder (MBES) onboard the RV Pelagia, and an additional Reson SeaBat 

7125 MBES also deployed from the RV Pelagia. The operating frequencies of the 

multibeam systems are 30-kHz and 200/400-kHz respectively. 

The sediment grab samples were collected during a previous oceanographic 

cruise onboard the RV Koca Piri Rei in May 2010. 
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5.2.3 Methodology 

5.2.3.1 Baseline calculations 

All baseline calculations were processed in Matlab®. We analysed the ADCP data 

using the following steps: 

1. Interpolation of datasets recorded at different time intervals onto a 

common time interval; 

2. Interpolation of bottom track velocity, where data were missing; 

3. Removal of AUV velocity component from the ADCP velocity 

measurements; 

4. Correction of the ADCP deployment setting of East and North velocities 

relative to the AUV coordinate system (North was originally set as 

perpendicular to the AUV direction and East as parallel to the AUV 

direction); 

5. Rotation of resultant flow velocities from a coordinate system relative to 

the AUV to a global coordinate system; 

6. Calculation of the depth of each measurement using the height that the 

AUV was flying above the seafloor and the depth of the AUV beneath the 

sea surface; 

7. Calculation of average straight-line plane (Parsons et al. 2013) for 

transects T1-T6 that were each surveyed several times; 

8. Projection of measurements collected along irregular AUV tracks onto 

straight-line planes defined in step 7 (Parsons et al. 2013); 

9. Interpolation of results on straight-line planes to obtain equally spaced 

flow measurements; 

10. Arrangement of results in terms of Easting for transects T1-T6. 

 

CTD measurements were processed according to the following procedure: 

1. Application of the UNESCO 1983 methodology to obtain flow density 

profiles from the conductivity, temperature and depth CTD measurements 

(UNESCO, 1983); 

2. CTD profiles were collected at several points (stations) along cross-stream 

transects T1-T6 (Figure 5.1). Measurements were collected every 0.25 m 

depth and data at the same depth between stations were interpolated; 

3. Arrangement of results in terms of Easting; 
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4. CTD profiles collected along transects T4 and T5 were collected in 

different days. The above procedure was followed for the measurements 

collected on each day. 

 

5.2.3.2 3D and 2D calculations of flow parameters 

Using the above methods we built a 3D view of the helical flow structure. We then 

experimented with different existing methods to extract the 2D view of the flow. 

We now explain these methods, which were: (1) ‘cross-channel’; (2) zero net flow 

in profile or ‘Rozovskii’; and (3) zero net flow in cross-stream section or ’zero net 

flow’ (Figure 5.2). 

 

Figure 5.2. Schematic of the three methods (‘cross-channel’, ‘Rozovskii’ and 

‘zero net flow’ used in this study to extract 2D view flow of the 3D helical 

flow (modified from Lane et al., 2000). 

‘Cross-channel’ 

This method defines that the cross-stream flow and the downstream flow are the 

flow normal and parallel to the channel margins respectively (Corney et al., 2006; 

Islam and Imran, 2008; Parsons et al., 2010; Sumner et al., 2014). The cross-

stream transects in this work were designed to be normal to the channel axis. 

Therefore, velocities measured along the surveyed cross-stream transects 

represent ‘cross-channel’ circulation, and the velocities perpendicular to them 

correspond to downstream circulation. 
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‘Rozovskii’ 

This method is commonly used in river studies and states that the cross-stream 

flow is the circulation normal to the flow direction. The flow direction is 

calculated for each vertical flow profile as the averaged direction of the flow that 

permits a zero net circulation. Thus, the sum of the flow velocities towards the 

outer bend equals the sum of the flow velocities towards the inner bend in the 

vertical profile (Parsons et al., 2007; Rozovskii, 1957). The averaged direction of 

the flow is obtained from the mean of the components of the velocities at each 

measured depth. The ‘Rozovskii’ downstream flow is the circulation parallel to 

the flow direction. 

 

‘Zero net flow’ 

Similarly to the previous method, the cross-stream and downstream flows are 

defined as the circulations normal and parallel to the flow direction. However, in 

this case, the flow direction is calculated as the averaged direction of the flow 

that permits a zero net circulation in the whole cross-stream transect (Dietrich 

and Smith, 1983). 

 

5.3 Results 

5.3.1 3D view of the flow 

5.3.1.1 Saline flow and background current 

All of the transects show a similar pattern for downstream velocity (Figure 5.3). 

The lower, confined part of the flow moves in a downstream direction; this is the 

saline gravity current. The upper, unconfined flow has upstream-directed 

velocities, and is a background oceanographic current. In upstream transects the 

gravity current has velocities of up to ~1.5 m/s (T1-T4 in Figure 5.1), whereas 

further downstream it has decelerated to ~1 m/s (T5 and T6 in Figure 5.1). 

The top of the gravity current is defined as the sharp boundary between 

downstream and upstream velocities (Figure 5.3). It remains weakly unconfined in 

all cross-stream transects, either in the inner bend only (T1), or in both inner and 

outer bends (T2-T6). 
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Figure 5.3. Downstream velocity and top of the flow. Positive velocities (in 

yellow and red) show downstream circulation of saline flow normal to transects 

T1-T6. Negative velocities (in blue) show upstream circulation of background 

current normal to transects T1-T6. Red line indicates zero downstream velocity, 

i.e. top of the saline flow based on collected measurements. This top of the flow 

has been smoothed to obtain the top of the flow shown in green. Saline current 

flows from bottom to top of figure. 
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5.3.2 2D view of the flow 

The three different 2D frames of reference (‘cross-channel’, ‘Rozovskii’ and ‘zero 

net flow’, see Methodology Section) are shown in Figure 5.4. 

 

5.3.2.1  ‘Cross-channel’ circulation 

The ‘cross-channel’ circulation in transects T1-T4 shows an outward-directed 

velocity in nearly the whole section (Figure 5.4B). Inward-directed exceptions 

occur at the top of the saline flow (Figure 5.4B). This represents a circulation 

across the channel that has the opposite sense to river bends. However, the 

circulation switches towards a river-like structure in the transect T5, and such 

river-like circulation is fully developed in T6 (Figure 5.4B). The magnitude of the 

velocities towards the outer bend is higher than the magnitude of the velocities 

towards the inner bend. Maximum ‘cross-channel’ values are measured in 

transects T1-T4 where they exceed 0.5 m/s (Figure 5.4B). 

‘Cross-channel’ circulation along transects LS1-LS3 show a consistent basal flow 

towards the outer bend, and occasionally weak flow towards the inner bend 

towards the top of the gravity current (Figure 5.5). This behaviour is reversed in 

transects LS4 and LS5 where the top and bottom of the ‘cross-channel’ circulation 

directs toward the inner and outer bend respectively (Figure 5.5). 
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Figure 5.4. 2D cross-stream velocities (right) and direction of saline flow (left) 

in transects T1-T6. (A) Direction of saline flow travelling around the bend. Rose 

diagrams show direction of saline flow at each surveyed point in T1-T6. Length of 

the flow direction vectors represents the magnitude of the velocity at each 

section/profile. Black, magenta and green arrows represent the directions 

according to ‘cross-channel’, ‘Rozovskii’ and ‘zero net flow’ frames of reference 

respectively. (B) Cross-stream velocities according to three frames of reference: 

‘cross-channel’ (in black), ‘Rozovskii’ (in magenta) and ‘zero net flow’ (in green). 

Positive velocities (in red) indicate circulation towards the outer bend. Negative 

velocities (in blue) indicate circulation towards the inner bend. Black lines in 

velocity panels indicate intersection with the downstream transect (LS1-LS5). 

Saline current flows from bottom to top of figure. 

 

5.3.2.2 ‘Rozovskii’ circulation 

The results show inwardly directed near-bed flow in all transects except T2 and 

T5 (Figure 5.4B). This circulation shows a river-like bottom cell of circulation that 

is stacked with alternating flow cells with opposite (outwards/inwards) sense of 

rotation. T2 and T5 show a weak outwardly directed circulation at the base of the 

outer bend (Figure 5.4B). The absolute magnitudes of the velocities are below the 

maximum +/-0.5 m/s reached in other frames of reference (Figure 5.4B). 

The flow is directed toward the outer bend in transects T1-T4 and slightly 

towards the inner bend in T5 and T6. The ‘Rozovskii’ frame of reference and the 

‘cross-channel’ frame of reference differ by up to an angle of 15° in T3 (Figure 

5.4A). 

The ‘Rozovskii’ circulation in the downstream transects (LS1-LS5) displays a 

regular structure with basal inwardly directed flow in all transects except LS3. A 

layer of opposite-directed flow towards the outer bend sits at the top of this basal 

flow. Occasionally, multiple layers that alternate the direction of rotation 

complete the profile (Figure 5.5). 

 

5.3.2.3 ‘Zero net flow’ circulation 

All transects show a river-like basal circulation (Figure 5.4B). Thin outward-

directed layers of flow are overlain by inwards-directed layers in T2-T5, which 
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represent multiple weak cells of circulation. Transect T6 shows a similar river-like 

pattern to the ‘cross-channel’ and ‘Rozovskii’ circulations (Figure 5.4B). The 

strongest circulation, which is inwardly directed, is displayed in transects T1, T2 

and T5 (Figure 5.4B). 

The flow is clearly directed towards the outer bend in transects T1-T5 (Figure 

5.4A). The maximum rotations between the ‘zero net flow’ and the ‘cross-

channel’ flow directions are a little less than 15° in transects T1-T4. The flow is 

directed towards the inner bend in T6. Here, the difference between the ‘zero net 

flow’ and the ‘cross-channel’ flow direction is less than 1° (Figure 5.4A). 
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Figure 5.5. (A) ‘Cross-channel’ and (B) ‘Rozovskii’ circulation at downstream 

transects (LS1-LS5). Vertical lines show intersection with transects T1-T6 (Figure 

5.1). Positive velocities (in red) indicate flow direction towards the outer bend. 

Negative velocities (in blue) indicate flow direction towards the inner bend. Saline 

current flows from left to right of figure.	  

5.3.3 Differences among 2D flow views 

This study demonstrates that the choice of frame of reference has a major impact 

on the appearance of the circulation cell, including whether it appears ‘river-like’ 

or ‘river-reversed’ (Figure 5.4B). When the angles between the different frames of 

reference are low (~1°), then the circulation cells look similar. However, when this 

angle between different frames of reference becomes high (~15°), then the 

circulation cells look very different (Figure 5.6). 
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Figure 5.6. Difference between magnitude of ‘cross-section’ and ‘zero net 

flow’ velocities. ‘Cross-section’ and ‘zero net flow’ velocities are shown in Figure 

5.4. Black contour indicates downstream velocities higher than 0.8 m/s. Saline 

current flows from bottom to top of figure. 

 

5.3.4 Density results 

The density structure of the saline flow is similar in transects T1-T6. Maximum 

and minimum densities are between 1,014 gr/l and 1,027 gr/l and these 
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isopycnals are located between 10 and 16 m of depth apart from each other 

(Figure 5.7). In all transects, the densest fluid accumulates in the inner bend, as 

previously observed in other saline flows (Nidzieko et al., 2009; Sumner et al., 

2014). 

 

The collection of multiple CTD casts on different days in transects T4 and T5 

(Table 5.1) enables analysis of density variability on different days. In cross-

stream transect T4, the 1,024 gr/l isopycnal rises 5 m between 28th of June 2013 

and 30th of June 2013 linked to an increase of basal flow density up to 1,027 gr/l 

(Figure 5.7). A similar ~1,027 gr/l density is observed on the 30th of June at the 

flow inner bottom in transect T5. This value decreases to 1,025 gr/l 

approximately by the 2nd of July 2013 (Figure 5.7). 
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Figure 5.7. Profiles of density [gr/l] of the saline flow in cross-stream 

transects (T1-T6). Calculations of density according to UNESCO 1983 standard 

based on CTD data. CTD casts in transect T4 and T5 were collected in several 
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days (Table 5.1) – day of collection is shown within profile plot. E stands for 

Easting. Saline current flows from bottom to top of figure. 

 

5.3.5 Grain size distribution and bathymetry in the channel 

Grain size and bathymetric data were collected to understand the relationship 

between the flow and its deposits. Grain size in the channel shows a general 

fining trend with distance downstream (Figure 5.8). Coarse grains (gravels and 

sands) dominate the sediment in the channel floor of the most proximal cross-

stream transects (T2 and T4). In contrast, muddy material predominates in the 

samples within the channel along transect T5 and the inner channel bend of T6 

(Figure 5.8). 

The cross-sectional shape of the channel varies around the bend (Figure 5.8). The 

position of the channel thalweg is harder to define in cross-stream transect T2 

than in the other cross-stream transects in this study (Figure 5.8). Two channels 

occur within cross-stream transect T4 with one towards the inner bend and one 

towards the outer bend (Figure 5.8). Cross-stream transect T6 shows an outer 

bend bar (Figure 5.8). The comparison between cross-stream transects highlights 

the transition between V-shaped thalwegs in T1 and T6 and U-shaped thalweg in 

the intermediate cross-stream transect T3 (Figure 5.8). The water depth of the 

channel thalweg is between 70-75 m in transects T1-T4 and drops to ~80 m in 

transect T5 and T6 (Figure 5.8). The outer walls within the channel are 

consistently steeper than the inner channel walls (Figure 5.8). 
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Figure 5.8. Grain size distribution and cross-sections of the channel. Gravel 

fractions (in pink) are found within the channel in all of the upstream transects 

(T2 and T4). Sands (in yellow) are present within the channel in all the bend 

transects; they are more abundant in upstream transects (T2 and T4). Muds (in 
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blue) dominate the composition of the samples collected within the channel in 

downstream transects (T5 and T6). Saline current flows from bottom to top of 

figure. 

 

5.4 Discussion 

5.4.1 Representations of flow behaviour in different frames of reference 

We have shown that depending on the frame-of-reference chosen, then the helical 

flow can appear to rotate in different directions (Figure 5.4). In this section, we 

analyse the origin of these differences, and the accuracy of each frame of 

reference (‘Cross-channel’, ‘Rosovskii’, and ‘zero net flow’) as representations of 

the actual flow behaviour. 

 

5.4.1.1 Origin of differences between 2D cross-stream flow velocities 

Our results demonstrate that when frames of reference coincide they produce 

similar-looking flow structures. The greater the difference in angle between the 

frames of reference, then the greater the difference in the apparent structure of 

the flow’s circulation pattern (Figures 5.4 and 5.6). This is important because it 

has not been accounted for in previous studies, and the choice of reference frame 

can define whether flow is observed as ‘river-like’ or ‘river-reversed’. This has 

been a matter of great debate in literature over the past 15 years (Abad et al., 

2011; Corney et al., 2006; 2008; Dorrell et al., 2013; Imran et al., 2008; Kassem 

and Imran, 2004). 

T6 is an example of a transect where the three frames of reference are similar 

and, as a result, the cross-stream circulations nearly match (Figures 5.4 and 5.6). 

By contrast, the largest rotations among frames of references occur in transects 

T1-T4 (Figure 5.4A), and as a result, the apparent circulations are very different 

(Figures 5.4B and 5.6). Here both ‘cross-channel’ velocities and downstream 

velocities, which are one order of magnitude higher than the ‘cross-channel’ 

velocities, point towards the outer bend. 

Figure 5.6 also highlights a second factor that controls apparent differences in 

circulation patterns. In any single cross section, the biggest difference in cross-
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stream velocities between different frames of reference coincides with the 

location of highest downstream velocity (Figure 5.6). Therefore, it is the 

combination of both (1) angle between frames of reference; and (2) magnitude of 

the downstream velocity that results in large differences in the apparent 

circulation between frames of reference. 

The discrepancy between 2D sections originates in the method of decomposition 

of the 3D helical flow into sets of 2D downstream and cross-stream components. 

The larger the difference in angle between frames of reference, the larger the 

discrepancies among 2D sections. Some sets of velocity components (i.e. 

downstream component and cross-stream component) viewed in different frames 

of reference can produce helical flows with apparently opposite sense of rotation 

(Figure 5.4B). This occurs for certain angles of rotation between frames of 

coordinates combined with certain magnitudes of those components. The 

magnitude of the downstream component of the velocity is always higher than 

the cross-stream component, and is orientated towards the outer bend (Figures 

5.3 and 5.4). The decomposition of the downstream flow into the ‘cross-channel’ 

frame of reference results in a large ‘cross-channel’ component pointing towards 

the outer bend (Figure 5.9). This component dominates the 2D representation of 

the ‘cross-channel’ circulation (Figure 5.4B). 
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Figure 5.9. Schematic of 3D vector decomposition into the ‘cross-channel’ and 

‘Rozovskii/‘zero net flow’ frames of reference. 

5.4.1.2 Appropriateness of different 2D frames of reference. 

The decomposition of 3D flows into 2D components influences the apparent 

structure of the circulation, to the extent that flow cells can apparently show 

different senses of rotation. The full 3D helical flow through transects T1-T4 has 

a basal circulation towards the outer bend, whereas the ‘zero net flow’ frame of 

reference shows a basal circulation towards the inner bend (Figure 5.4). We have 

identified the origin of the discrepancy between 2D representations of the 3D 

flow (above). This will help to enable reconciliation among apparently 

contradictory conclusions of previous studies thus leading to better 

interpretations. 

The helical flow structure, and the different methods for viewing this structure in 

2D, is much better studied for rivers, than for submarine gravity currents. 

Ashmore et al. (1992) concluded that the ‘cross-channel’ frame of reference is not 

necessarily representative of the flow behaviour because rivers might not 

naturally flow parallel to the channel direction. River studies commonly use the 

’Rozovskii’ frame of reference and, less commonly the ‘zero net flow’ frame of 

reference (Dietrich and Smith, 1983; Parsons et al., 2007; Rozovskii, 1957). Both 

assume steadiness of flow, and the ‘Rozovskii’ frame presumes no lateral fluxes 

(i.e. overspill) into or out of the channel (Parsons et al., 2007; Rozovskii, 1957). 

Similarly to rivers, the direction of submarine gravity currents can differ from the 

channel direction (Figure 5.4). Thus, the ‘cross-channel’ frame of reference is not 

necessarily a good representation of the velocity structure across the flow. 

However, in contrast to rivers, submarine flows often overspill the channel 

(Peakall et al. 2000; Peakall and Sumner, 2015), thus violating an assumption of 

the ‘Rozovskii’ method (Figure 5.10). The saline gravity current, in this study, is 

probably best represented using the ‘zero net flow’ frame of reference (Figure 

5.10). 
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Figure 5.10. Schematic showing the influence of overspilling on the 

‘Rozovskii’ frame of reference. The dotted rectangle indicates the scope of the 

calculations on the ‘Rozovskii’ frame of reference. The solid line rectangle 

indicates the scope of the calculations on the ‘zero net flow’ frame of reference. 

5.4.2 Comparison of our results with previous 3D models based on from 

field observations of geophysical flows 

Previous 3D models of helical flows around bends proposed that the cross-stream 

flow structure is governed by two main pressure gradients. These forces develop 

from the centrifugally-driven superelevation of the flow and the density 

stratification of the flow and both forces act normal to the flow direction 

(Azpiroz-Zabala et al., 2017b; Nidzieko et al., 2009; Sumner et al., 2014). The 

pressure gradient due to the flow superelevation causes a river-like helical flow 

structure, such that the near-bed flow is directed towards the inner bend 

(Azpiroz-Zabala et al., 2017b; Nidzieko et al., 2009; Sumner et al., 2014). The 

magnitude of the centrifugally-driven pressure gradient is proportional to the 

centrifugal acceleration of the flow. This centrifugal acceleration reaches its 

maximum at the peak velocity in a flow depth profile, and at the bend apex in a 

plan view of the flow around the bend (Azpiroz-Zabala et al., 2017b; Sumner et 

al., 2014;). The centrifugally-driven pressure gradient causes accumulation of 

dense fluid at the inner bend. This accumulation of dense fluid generates lateral 

flow stratification across the channel width, which reaches its maximum at the 

bend apex. This density stratification causes a lateral pressure gradient that is 

opposed to the pressure gradient caused by superelevation. This lateral pressure 

gradient consequently pushes the basal flow back towards the outer bend 

(Azpiroz-Zabala et al., 2017b; Nidzieko et al., 2009; Sumner et al., 2014). The 

eventual cross-stream structure of the flow results from the combination of both 

pressure gradients. Thus, river-reverse basal circulations develop in sufficiently 

stratified flows, where the lateral pressure gradient due to stratification exceeds 
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the pressure gradient due to flow superelevation (Azpiroz-Zabala et al., 2017b; 

Nidzieko et al., 2009; Sumner et al., 2014). 

In this study, we see that the densest fluid accumulates towards the inner bend in 

all cross-stream transects (Figure 5.7). The ‘zero net flow’ circulation displays a 

basal river-like circulation through all transects. Isolated areas with river-reversed 

circulation also develop at higher heights above the seabed of intermediate 

transects T3-T5 (Figure 5.4B). The application of the general model for helical 

flows suggested by Azpiroz-Zabala et al. (2017b) predicts that the saline flow in 

this work is insufficiently stratified. Thus, the lateral pressure gradient developed 

due to stratification is unable to compensate the river-like pressure gradient due 

to the superelevation (Figures 5.4B and 5.6; Azpiroz-Zabala et al., 2017b). 

Consequently, the 3D circulation across the flow shows a river-like behaviour in 

all the cross-stream transects (T1-T6) in this study (Figure 5.11). This river-like 

basal cross-stream circulation has been previously observed in well-mixed or low-

stratified saline flows in estuaries (Chant, 2002; Nidzieko et al., 2009). 

The isolated areas that display outer-directed circulation coincide with areas of 

high downstream velocity (Figures 5.3 and 5.4). These areas represent the local 

outwards-directed centrifugal force that dominates the cross-stream circulation in 

this saline flow (Azpiroz-Zabala et al., 2017b; Sumner et al., 2014). 
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Figure 5.11. 3D view of circulation across the flow around the bend and 2D 

views of the circulation in downstream transects LS1-LS5 and cross-stream 

transects T1-T6. 3D compilation of ‘zero net flow’ circulation (in transects T1-T6) 

and “Rozovskii’ circulation (in transects LS1-LS5). Positive velocities (in red) 

indicate motion towards the outer bend. Negative velocities (in blue) indicate 

motion towards the inner bend. Saline current flows from bottom left to top left 

of the 3D figure. 

 

5.4.3 Integration of flow dynamics and deposits characteristics 

Merging the downstream flow view, with 2D cross-stream flow representations 

based on the flow direction or from field measurements, provides a 3D view of 
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the entire flow. The near-bed flow determines sediment transport and thus the 

location of deposition and erosion, however, such topography will in turn 

influence the flow. 

The direction of the flow near the seafloor evolves around the bend in response 

to the forces acting on the flow but also in response to the local bathymetry of 

the seafloor. The maximum values of near-bed velocity occur in the centre of the 

channel in cross-stream transects T1-T3. The maximum values shift towards the 

outer bend in T4 and stay at the outer bend in T5 and T6 (Figure 5.12). The basal 

flow velocity decreases between cross-stream transect T4 and T5 and increases 

again between T5 and T6. The drop in basal velocity between transects T4 and T5 

might be caused by a change in the channel bathymetry. The channel depth 

increases between cross-stream transects T4 and T5 (Figure 5.7), which might 

result in a deceleration of the basal flow or the development of recirculation cells 

in the basal flow. The reduction in the depth-averaged downstream velocity 

between transects T4 and T5 might be caused by a difference in channel area 

between transects T4 and T5 (Figure 5.12). The larger drop in the basal velocity 

between transects T4 and T5 than in the depth-averaged downstream velocity 

suggests at least some bathymetric influence, which might be the drop of the 

seafloor between transects T4 and T5 (Figure 5.8). The maximum velocities are 

located at ~65-70 m depth in all cross-stream transects T1-T6 (Figures 5.3 and 

5.4B). However, the channel floor depth increases from T4 to T5 by 5 m (Figures 

5.5 and 5.8). The sustained depth of the maximum velocities combined with the 

change in channel floor depth might result in the drop of the basal flow velocities 

that follow a local bathymetric change (Figures 5.8 and 5.12). 
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Figure 5.12. Basal flow velocities. Basal flow velocity and grain size 

distribution. Direction shown corresponds to the flow above the noisy velocity 

ADCP records (~1-2 m above seafloor). Saline current flows from bottom to top of 

figure. 

 

The decrease in the basal flow velocities between T4 and T5 coincides with a 

fining of sediment size in the channel seafloor (Figure 5.12). The magnitude of 

the basal velocity and the size and composition of sediment is similar between 

cross-stream transects T2 and T4. In contrast, the drop in basal flow velocity 

between T4 and T5 coincides with an increase in mud content (Figure 5.12). The 

basal flow accelerates from transect T5 to T6. The outer bend bar in cross-stream 

transect T6 might reduce the area of the cross-section and accelerate the flow. 

This velocity increase is accompanied by a coarsening of the sediment in the 

outer bend of the channel seafloor. However, the mud/sand proportion of the 

sediment in the inner bend of transects T5 and T6 remains similar (Figure 5.12). 

The coexistence of different basal flow velocity and bathymetry, and similar 

sediment composition in transects T5 and T6 suggests that although the nature 

of the helical flow appears to mostly explain the variable nature of the sediment 

distribution within the channel there is more complexity than existing models 

would suggest (Keevil et al., 2006; 2007). Local changes in the bathymetry could 

generate circulation cells in the near-bed zone that might lower the basal flow 

velocity. The difference in time-scales between helical flow measurements (two 

days in this study) and sediment distribution (function of basal helical flows over 

a long time period) might also support the observation of similar sediment grain 

sizes in the inner T5 and T6 and different basal velocities. 

 

5.5 Conclusions 

The helical structure of submarine flows in meanders contributes to the 

downstream and cross-stream sediment transport along submarine channel 

systems. Thus, understanding the helical flow structure is key to understanding 

submarine channel evolution and sand accumulations. Early studies on helical 

flows in submarine flows have decomposed the 3D helical flow into 2D slices, 

which were referenced to either the channel direction or the flow direction. 

However, recent works show the importance of undertaking 3D analyses of 
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helical flows because the helical flow structure evolves around the bend. This 

work shows that the use of different frames of reference, which allow a 2D view 

of the 3D helical flow, might result in different 2D views of the helical flow. This 

novel study demonstrates that depending upon the frame of reference 2D flow 

patterns can appear very different from one another and even show opposite 

senses of rotation. We suggest that the internal flow structure should be analysed 

in a frame of reference defined by the flow direction instead of the channel 

direction. We also show that the nature of the helical flow is crucial for the 

sediment distribution in meanders, which in conjunction with the channel 

bathymetry forms a complex sedimentary system.	  
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Chapter 6:  

 

Conclusions 

	  

	  

	  

The overall aim of this study was to better understand the dynamics of submarine 

density flows, and their interaction with the seafloor, by analyzing new direct 

field measurements. This aim was achieved through: (1) detailed analysis of 

direct monitoring datasets of turbidity currents in the Congo Canyon, and of a 

saline underflow at the entrance of the Black Sea; (2) comparison of new 

observations from the Congo Canyon and the Black Sea with previously 

suggested models for the internal structure of turbidity currents and saline flows; 

and, (3) development of new models for turbidity current and saline flow 

behaviour, with a view to provide a broader understanding of density flows 

worldwide. 

 

The three specific research questions that this thesis addressed were: 

1. Can the sediment type within submarine sediment density flows control 

the duration of the flows? 

2. How do density stratification and flow acceleration processes combine to 

influence suspend sediment transport in the meanders of long submarine 

canyon systems? 

3. How accurately do different analysis frames of reference of the flow 

structure of submarine density flows reflect the sediment distribution 

observed in meandering submarine channel systems? 
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The following sections aim to answer each of these questions, and to link each 

thesis chapter to the research question on which the chapter focused. 

 

6.1 Can the sediment type within submarine sediment 

density flows control the duration of the flows? 

Identifying the governing factors of the duration of turbidity currents is crucial to 

quantify the sediment load that submarine density flows carry to the deep-sea. 

The main individual turbidity current analysed in chapter 3 lasted for nearly a 

week with a water discharge equivalent to the Mississippi River. In contrast, 

previous field measurements of turbidity currents recorded flows that lasted for 

only hours or minutes. The discharges of the turbidity currents in the Congo 

Canyon are thought to transport amounts of nutrients and fresh water to the 

deep-sea that might alter submarine channel ecosystems. Additionally, this thesis 

suggest that this single submarine channel system contributes ~2% to the global 

flux of terrestrial organic carbon transported each year into the deep-sea. 

Analysis of new direct measurements revealed that turbidity currents in the 

Congo Canyon may differ from previously measured flows in two main ways: 

 

1. The frontal part of turbidity currents in the Congo Canyon (the frontal cell) 

is shown to be the fastest and densest part of the flow, unlike almost all 

previous laboratory observations. This fast and dense frontal cell appears 

to drive the flows, and was capable of eroding seafloor sediment, thus 

fueling the flow. The eroded sediment passed to the slower body that 

followed the frontal cell, and was kept in suspension for almost a week at 

the measurement site, until it settled out at the tail of the flow. 

2. The difference between the fastest part of the flow and the much slower 

body and tail, led to stretching of the flow along the extensive Congo 

Canyon submarine channel system. This stretching hypothesis was 

validated by analysis of flows recorded at two different mooring locations 

in the channel thalweg. 

 

Thus, chapter 3 showed a novel turbidity current structure, which represents self-

sustained turbidity currents that stretch over time. These differences from 



Chapter 6 

109 

previous observations might result from the variation in particle size of the 

sediment in submarine channel systems. The Congo Canyon is a mud-rich 

channel system that contrasts with the coarser channel systems where other 

observations have been collected. Coarser grains would be expected to settle 

faster than Congo Canyon muddy grains, which may lead to an earlier cessation 

of flow in coarser settings. 

Turbidity currents in the Congo Canyon downstream of the study area of chapter 

3 could be even longer than 1-week because of their self-sustaining and 

stretching nature. Long-duration turbidity currents imply a continuous stress and 

hazard for infrastructure laid on the seafloor in the path of these turbidity 

currents. The long duration of these submarine flows in the Congo Canyon are 

also thought to represent an important contribution of turbidity currents in the 

burial of terrestrial organic carbon. 

 

6.2 How do density stratification and flow acceleration 

processes combine to influence suspend sediment 

transport in the meanders of long submarine canyon 

systems? 

The largest submarine channel systems on Earth share a meandering planform. 

This coexistence suggests that meanders are important to keep sediment in 

suspension and thereby sustain long run-out flows within submarine channel 

systems. Several studies in the last 20 years aimed to understand the structure of 

submarine density flows at channel meanders, and the link between flow 

structure and suspended sediment. The conclusions from those studies agreed 

that submarine density flows have a helical form at meander bends; however, the 

direction of circulation of the helical flow at the seabed has been an area of much 

disagreement. It is important to understand whether circulation is towards the 

inner or outer bend, because this dictates how sediment is suspended and 

distributed across and down the channel.  

The analysis and model presented in chapter 4 reconciled these competing inner- 

and outer-directed flow hypotheses by analyzing detailed measurements at a 

meander bend in the deep-water Congo Canyon. Chapter 4 explained that both 

circulations are possible, and that the direction could be predicted by the 
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combination of two main competing pressure gradients in the flow. The helical 

structure of the submarine density flows in meanders mainly depended on the 

combination of two pressure gradients with opposite directions: 

 

1. Pressure gradient due to the superelevation of the flow in the meander: 

Flows experimented centrifugal acceleration in the meander. The 

centrifugal acceleration caused superelevation of the flow towards the 

outer bend that reaches its maximum at the apex, where the bend 

curvature is at its highest. The superelevation of the flow represented a 

disequilibrium that developed a pressure gradient to work towards the 

return of flow equilibrium. This pressure gradient due to flow 

superelevation pushed the dense basal flow towards the inner bend, with a 

direction opposite to the direction imposed by the flow superelevation. 

2. Pressure gradient due to density stratification of the flow at the inner 

bend: The dense basal flow was pushed by the pressure gradient due to 

superelevation and gathered in the inner bend. This gathering of dense 

fluid at the inner bend then generated a lateral difference in density, which 

in turn, caused a lateral pressure gradient that worked to try to balance 

the flow density laterally. This lateral pressure gradient due to density 

stratification pushed the basal flow back towards the outer bend. 

 

The ratio between the two pressure gradients resulted in a basal circulation 

towards either the inner bend or the outer bend. The former occurred when the 

pressure gradient due to flow superelevation dominated over the lateral pressure 

gradient due to density stratification. The latter occurred when the lateral 

pressure due to density stratification dominated over the pressure gradient due 

to flow superelevation. Both basal circulations (towards the inner and outer bend) 

could be observed depending on the values of both pressure gradients, i.e. 

curvature of the submarine channel system and the stratification of the flow. 

Additionally, chapter 4 highlighted that the superelevation and lateral density 

stratification of the flow evolved around the bend. This evolution implies that the 

basal circulation might reverse at the apex of the bend, instead of between bends 

as previously believed, which is key to predicting the evolution of the submarine 

channel systems. 
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6.3 What analysis of the flow structure of submarine 

density flows respond best to the sediment 

distribution in meandering submarine channel 

systems? 

This research question follows on from the previous question. The research 

question in the previous section aimed to connect basal helical circulation in 

meanders and sediment mobilisation. Chapter 5 analysed the methods used in 

previous works to evaluate that connection between flow and suspended 

sediment. It also studied the link between basal helical circulation, sediment 

mobilisation and submarine channel evolution. 

Earlier works in seafloor sediment mobilisation focused their analysis on the 

basal circulation exclusively in a cross-stream section. Different studies defined 

the cross-stream section on different frames of reference, mainly either normal to 

the channel direction or normal to the flow direction. However, chapter 4 

highlighted the varying nature around the bend of the pressure gradients that 

governed the basal circulation of submarine density flows. Consequently, a cross-

stream section analysis of the basal flow might be incomplete because the 

variation of the downstream component around the bend could affect the result. 

Chapter 5 of this thesis compared the three frames of reference commonly used 

to study cross-stream basal circulation, and concluded: 

 

1. The cross-stream view of the basal circulation represented a 2-dimensional 

slice of a 3-dimensional basal helical circulation. This meant that the basal 

helical circulation that was shown by a cross-stream view was highly 

sensitive to even a small rotation between frames of reference. Thus, the 

3-dimensional basal circulation, which is the same for all frames of 

references, could have different 2-dimensional representations on different 

frames of references. 

2. Seafloor sediment mobilisation should be analysed through both the cross-

stream and downstream study of the helical flow. The cross-stream 

analysis of the basal circulation (relative to the flow direction) provided 

information about the flow cross-stream behaviour. However, downstream 

basal circulation also mobilized the seafloor sediment and needed to be 

incorporated in the analysis. 
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3. The basal helical circulation was key to mobilising seafloor sediment, and 

should be studied to predict submarine channel evolution. However, the 

local bathymetry of the submarine channel system influenced the basal 

helical circulation, and as a result, controlled indirectly the seafloor 

sediment mobilisation and the channel morphology. 

 

The study of submarine channel evolution should involve the study of the 3-

dimensional basal flow and the local bathymetry variations. That suggested a 

further complexity of the system than what current basal circulation models 

showed. 

 

6.4 Future work 

Most of the work in this thesis relied on ADCP measurements. ADCPs have 

successfully recorded submarine density flows in the field in recent years. 

Measurements from ADCPs have also allowed estimations of sediment 

concentrations and velocities in the near-bed zone, under considerations of grain 

size uniformity and velocity profile shape. The estimation of sediment 

concentration assumes that the sediment size is constant within the flow. While 

we know that these are unrealistic assumptions, the methodology chapter defines 

Kt, a parameter to evaluate the reliability of the sediment grain size assumption. 

This parameter shows that apart from at the front of the flow, the estimates 

appear reasonable. However, the acoustic inversion method could be improved by 

combining ADCP measurements and sediment sampling within the flow. 

ADCPs are typically incapable of measuring reliable data in the near-bed zone, 

whose size is proportional to the elevation of the ADCP over the seafloor. 

Important flow processes occur in this area, however, which means we may miss 

the existence of dense near-bed layers, peak velocities or zones of high 

turbulence from our existing observations. The deployment of specific 

instrumentation to collect local velocities at fixed heights in the near-bed area 

could start to fill in these certainty gaps. This would result in the calculation of 

more accurate velocities than the velocities estimated through extrapolation, 

which is the current method to obtain velocities in the near-bed area (see chapter 

2). 
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Obtaining accurate velocity measurements in the near-bed area of submarine 

density flows would also improve the helical flow model presented in chapter 4. 

The model in this chapter predicts the behaviour of the flow in the near-bed area 

based on velocity extrapolations over the side lobe interference area. However, 

the availability of accurate velocity measurements in this area would confirm 

whether the model holds in this near-bed area. The model proposed in chapter 4 

could also be further tested if measurements of velocities and density of turbidity 

currents could be collected simultaneously in several transects around a 

submarine channel bend and at several distances from the origin of each 

transect. The analysis of those velocity and density measurements would confirm 

the differences in the helical flow behaviour between turbidity currents of 

different levels of stratification and at different cross-stream section around the 

bend. 

A potential improvement in predicting the helical flow behaviour in the near-bed 

area of submarine density flows would reduce the uncertainty on the mobilisation 

of seafloor sediment. Despite that the basal circulation of the helical flow appears 

to highly influence the direction of mobilisation of the seafloor sediment, local 

bathymetric variations might also contribute to the mobilisation. Assessing the 

changes in velocity and density of submarine density flows through inferring local 

changes in the bathymetry of the submarine channel systems would support the 

hypothesis of an at least three-way link between flow dynamics, bathymetry and 

submarine channel evolution. 
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