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ABSTRACT

Turbidity currents are volumetrically the most important process to transfer land-

derived sediments offshore. Fast-moving, powerful turbidity currents can carve subma-

rine canyons that rival some of the largest canyons on land. These submarine canyons

feed deep-sea fans, which are the largest sediment accumulations on Earth. Such huge

sediment accumulations sequester organic carbon across geologic times and are thus

thought to play a role in the global carbon cycle. Additionally, turbidity currents pose a

hazard for the ever-expanding seafloor infrastructure network that underpins our energy

supply and global communication. Despite the global significance of turbidity currents

and their deposits, the link between flow processes (e.g. triggering mechanisms, seafloor

erosion) and depositional products is still poorly constrained. This is due to the difficulty

in monitoring flows and sampling deposits directly resulting from flows. In this thesis

I present direct measurements of turbidity currents and their deposits in two fjords of

British Columbia (Canada), named Howe Sound and Bute Inlet. Glacier-fed rivers flow

into both fjord heads; hence, these are excellent sites to study the transport and fate

of particles from land to sea. This thesis uses these new measurements to answer three

research questions.

First how do extremely dilute river plumes generate turbidity currents? The current

paradigm is that rivers need to exceed a specific sediment concentration (e.g. 1 g/L)

to directly generate turbidity currents at their mouths. Chapter 2 shows that rivers

with extremely dilute plumes (0.07 g/L) can generate turbidity currents under certain

conditions, e.g. low tide, relatively high river discharge, a turbidity maximum being

forced out on a steep delta front and the availability of loose-packed fine sediment on

the seabed. These results were found using direct observations of the Squamish river

plume flowing into Howe Sound. This study suggests that a much wider range of rivers

than previously thought can directly generate turbidity currents on our planet. The

possibility of triggering turbidity currents by a much wider selection of rivers has strong

implications for understanding the fate of terrestrial particles (including organic carbon

and pollutants) into the sea.
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Second, what is the diagnostic deposit facies/architecture resulting from crescentic bed-

forms formed by supercritical turbidity currents? Modern observations show that sub-

marine channels can be sculpted by supercritical (i.e. thin and fast) turbidity cur-

rents. Such flows are likely to produce upstream-migrating bedforms with a crescentic

planform. The depositional signature of such beforms is currently only constrained by

outcrop observations and experimental models. These experiment and outcrop studies

indicate different sedimentary structures form from supercritical flows. In order to recon-

cile this apparent discrepency, Chapter 3 presents the first observations that directly link

supercritical (i.e. thin and fast) turbidity currents in the real-world with their deposits.

To establish the link between flow process and resulting sedimentary deposit, I combine

seafloor flow measurements, time-lapse seabed mapping and sediment cores. Using these

data collected in a submarine channel on the Squamish delta (Howe Sound), I show that

supercritical turbidity currents initially produce back-stepping beds of sand, as seen in

experimental studies. However, the field data shows how these back-stepping beds are

subsequently partially eroded by later flows, resulting in the scours filled of massive

sands that are commonly observed in the depositional record. Accurate recognition of

supercritical flow deposits in the depositional record is important for oil and gas reser-

voir characterisation, past environmental reconstruction and a general understanding of

sedimentary systems.

Third, how is young terrestrial organic carbon preserved in turbidites? Efficient burial

of terrestrial organic carbon in marine sediments leads to a net CO2 removal from the

atmosphere, thus regulating climate over geological timescale. Existing studies suggest

that most organic carbon is buried in association with fine sediments because clay min-

erals are able to bind organic matter and shield it from degradation. In contrast with

these studies, Chapter 4 shows that young, coarse woody debris accounts for the major-

ity (>70 %) of terrestrial organic carbon sequestered in sandy turbidity current deposits.

These coarse organic-rich layers are rapidly buried under turbidity current mud caps,

reducing their direct exposure to oxygen and thereby increasing burial efficiency. These

findings are based on data collected in the sandy submarine channel of Bute Inlet. The

data consist of 1) flow observations, 2) deposit sampling, 3) analysis of the composition

and ages of the organic carbon contained within these deposits. These results provide

important insights into the effect of hydrodynamic sorting of young terrestrial organic

carbon by turbidity currents. Turbidity currents dominate sediment transport in sub-

marine environments; therefore these results suggest that previous global organic carbon

burial budgets may have been underestimated.

Finally I conclude that observations, particularly from the deep sea, are needed to test

whether these scientific findings collected in fjords are applicable to the much larger

deep-sea turbidity current systems.
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à l’ULiège, qui m’a donné gout à la sédimentologie et encouragée dans la voie d’une thèse
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Chapter 1

Introduction

1.1 Rationale

Turbidity currents are subaqueous density flows that travel downslope due to the higher

density of sediment they carry in suspension compared to the ambient water (Daly, 1936;

Middleton and Hampton, 1973). Suspended sediment settle down as turbidity currents

decelerate, resulting in sedimentary successions called turbidites (Bouma, 1962). These

often-powerful flows can transport large quantities of sediment over several thousands

kilometres to the deep sea (Piper et al., 1999; Talling et al., 2007). Turbidity currents

are important for at least two reasons. First, turbidity currents rival sediment-fluxes of

rivers on land, and are therefore one of the dominant processes for sediment transport

on our planet (Talling et al., 2012). Turbidity current systems often connect to terres-

trial river systems, hence they are important conduits for the offshore transfer of not

only sediment but also organic carbon (Liu et al., 2013) and pollutants such as plastic

debris (Jambeck et al., 2015; Kane and Clare, 2019). Second, fast-moving, powerful

turbidity currents can damage crucial seafloor infrastructure, such as the global network

of telecommunication cables and hydrocarbon pipelines (Carter et al., 2014), and carve

extensive submarine channels (Fildani et al., 2006; Covault et al., 2014; de Leeuw et al.,

2016). Such submarine channels supply sediment to deep sea fans; the largest sediment

accumulations on Earth (Bouma et al., 2012).

The deposits left behind by turbidity currents are called turbidites (Bouma, 1962) and

have been studied from both modern and ancient systems for a number of reasons.

First, as a result of their often-large volumes and interconnected stratigraphy, ancient

turbidites can form valuable oil and gas reservoirs (Weimer and Pettingill, 2007). Second,

turbidite sequences are commonly used to reconstruct past changes in Earth history (e.g.

climate evolution, past earthquakes, tsunamis, Reeder et al., 2002; Moernaut et al., 2014;

Hunt et al., 2011). Third, there is an increasing realisation that turbidity currents are

1
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responsible for transporting and subsequently burying large volumes of organic carbon,

allowing atmospheric CO2 drawdown over geological timescales (Galy et al., 2007).

Direct measurements of turbidity currents in natural settings has proved challenging

(Inman et al., 1976; Sumner and Paull, 2014). As a result, our present understanding of

turbidity currents is largely based upon models derived from their deposits (Talling et al.,

2007; Hubbard et al., 2014), supplemented by scaled-down laboratory experiments (e.g.

Spinewine et al., 2009; Cartigny et al., 2013), and uncalibrated numerical models (e.g.

Cantero et al., 2012; Vellinga et al., 2017). Recent advances in technology have enabled

the first detailed direct measurements of field-scale turbidity currents (e.g. Paull et al.,

2002; Xu et al., 2004; Khripounoff et al., 2012; Xu et al., 2013; Hughes Clarke, 2016;

Azpiroz-Zabala et al., 2017; Paull et al., 2018), however, there is a paucity of studies that

link these flow observations with their deposits (e.g. Symons et al., 2017). As a result,

inferences made about turbidity currents from their deposits are largely unvalidated.

This missing link has implications as it can bias Earth history reconstructions and

global carbon fluxes estimations. There is thus a need for direct field observations to

bridge the gap between turbidity current processes and their depositional products,

which constitutes the overarching objective of this thesis.

1.2 Aims and structure of the thesis

The overall aim of this thesis is to bridge the gap between turbidity current processes

(i.e. initiation, flow properties and interaction with the seafloor) and their depositional

products (e.g. sediment and buried organic carbon). To achieve this aim I use datasets

collected in two fjords located in British Columbia (Canada), named Howe Sound and

Bute Inlet (Figure 1.3). To date these datasets comprise the most extensive measure-

ments of flows, seafloor mapping and sampling of the seafloor ever obtained in river-

connected turbidity current systems anywhere in the world. Using these three types

of data, I address the following research questions, which form part of three science

chapters (chapters 2, 3 and 4).

a. How do extremely dilute river plumes generate turbidity currents? Exist-

ing models suggest that a threshold of sediment concentration exists, above which river

will directly feed into turbidity currents (e.g. 40 g/L, 1g/L Mulder and Syvitski, 1995;

Parsons et al., 2001, resp.). However, this threshold is based on calculations and labo-

ratory experiments that need validation. Chapter 2 presents data collected by a series

of acoustic instruments deployed form a combination of stationary and moving vessels

on the river plume on the Squamish Prodelta (Howe Sound, Canada). These data are

the first field measurements of this phenomenon, and show that existing studies overes-

timate this sediment concentration threshold and that turbidity currents may be more

abundant than previously thought at river deltas around the world.
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b. What are the diagnostic deposits of crescentic bedforms formed by su-

percritical turbidity currents? Supercritical (i.e. thin and fast) turbidity currents

have been shown to produce crescentic bedforms that migrate upstream on the seabed

(Hughes Clarke, 2016). Such bedforms are prevalent on the ocean floor (Symons et al.,

2016) and are suggested to enhance sediment transport efficiency towards the deep sea

(Sun and Parker, 2005). Given the significance of supercritical flows and associated

bedforms for sediment transport, their deposits are important to identify. However,

there is a general discrepancy between the deposits produced in experimental models

(regular back-stepping beds of sediment, Kostic, 2011; Cartigny et al., 2011) and the

observations described in outcrops interpreted as supercritical flow deposits (irregular

lens-shaped beds of massive sands, Bain and Hubbard, 2016; Dietrich et al., 2016).

Chapter 3 resolves this discrepancy by using a novel combination of flow monitoring,

repeated seafloor mapping providing the architecture, and sediment cores providing the

facies of supercritical flow deposits in a modern system (Squamish submarine delta).

c. How is young terrestrial organic carbon preserved in turbidites? Burial of

young terrestrial organic carbon in marine sediments leads to a drawdown of atmospheric

CO2 and thereby regulates climate over geologic timescales (Berner, 1982). The current

paradigm is that most organic carbon is associated with fine sediments because the

physical association of organic matter with clays allows persistence of terrestrial organic

carbon in marine sediment (Mayer, 1994). In contrast with this paradigm, Chapter 4

demonstrates that young, coarse debris of wood accounts for the majority of terrestrial

organic carbon sequestered in sandy fjord sediments emplaced by turbidity currents.

This result is found in Bute Inlet (Canada) using a combination of 1) direct observations

of turbidity currents, 2) sampling of their deposits (including samples into the river

sources) and 3) detailed study of organic carbon reactivity and age based on a novel

method called ramped oxidation – radiocarbon analysis (Hemingway et al., 2019).

All three science chapters have been submitted for publication; and are presented in their

‘journal format’ in this thesis. Chapter 2 has been published in Geophysical Research

Letters. Chapter 3 has been published in Geology. Chapter 4 is in review in Geology.

In addition a detailed description of scientific methods, data processing and instrument

specifications is provided in the Appendix. Together, chapters 2, 3 and 4 enable better

constraint of the link between turbidity current processes and their depositional prod-

ucts in fjords of British Columbia. More specifically, all three science chapters cover

the full pathway of turbidity currents: from flow initiation by rivers (Chapter 2), flow

interaction with the seafloor to the deposits left behind (Chapter 3), with a focus on the

organic carbon composition of these deposits (Chapter 4). All three chapters include flow

observations acquired by acoustic instruments as well as high resolution seafloor maps

collected by multibeam systems. Chapters 3 and 4 both include sediment cores and log

descriptions of turbidites. Finally, chapter 5 synthesises the findings demonstrated in

the three science chapters and provides future research perspectives.
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The present chapter provides a brief historical timeline of research on turbidity currents

and their deposits that explains the general gap in understanding between turbidity

current processes and products (section 1.3). Section 1.4 then presents the research

carried out more specifically in British Columbia fjords in relation to the three science

questions addressed in chapters 2, 3 and 4.

1.3 Why is there a gap in the link between turbidity cur-

rent processes and their products: a brief historical

timeline

The general knowledge gap between turbidity current processes and products reflects the

lack of direct observations of turbidity currents during the past century. This section

briefly reviews seminal studies carried out from the 19th century, to the present day to

trace where the gap between turbidity current processes and products originates.

The first description of turbidity currents was reported by Francois-Alphonse Forel who

used individual point soundings to describe the presence of a submarine channel in Lake

Geneva, Switzerland (Forel, 1885). Forel attributed this submarine channel to the ac-

tion of an underwater flow sourced from the Rhone River and which would erode the

seafloor as it was flowing downslope (Figure 1.1a). Such flows were later on called tur-

bidity currents by (Daly, 1936). These pioneering studies were the starting point in the

realisation that dynamic sedimentary processes influence the subaqueous environment.
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Figure 1.1: Comparison of the mapping performed downstream of the Rhone River
in Lake Geneva (Switzerland) in 1885 (a) and in 2012 (b), modified from (Forel, 1885;

Girardclos et al., 2012)

About 50 years after the work of Forel, (Kuenen, 1950) provided the first experiments on

turbidity currents. Other experiments in flume tanks (e.g. Middleton, 1966; Lowe, 1982;

Postma et al., 1988) served as the basis for interpreting turbidite deposits observed in

sediment cores (e.g. Normark and Piper, 1972; Bowen et al., 1984) and the rock record

(e.g. Shanmugam, 1980; Pickering and Hilton, 1998). The Bouma sequence (Figure

1.2, Bouma, 1962) was then formulated to describe the vertical sedimentary sequence

typically resulting from a decelerating turbidity current. This model is still widely used

to describe turbidites in the sedimentary record.
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Figure 1.2: The Bouma Sequence shows the typical sedimentary deposit of a decel-
erating turbidity curren divided into Ta, Tb, Tc, Td, Te units (Bouma, 1962).

The use of multibeam echosounders in the 1990’s has allowed extensive and better map-

ping of the sea and lake floors worldwide. For example, the sublacustrine channel initially

described by (Forel, 1885) was revealed in much greater detail one century later using

a multibeam echosounder (Girardclos et al., 2012, Figure 1.1b). Bathymetric maps

produced by multibeam systems elsewhere have revealed that submarine channels are

abundant in lakes, fjords, and in the ocean (e.g. Normandeau et al., 2016; Conway et al.,

2012; Wynn et al., 2014). The morphology of submarine channels has since then been

used as another tool to infer about flow properties that potentially characterize the

turbidity currents at their origin (Symons et al., 2016).

There has been a significant step forward in our understanding of turbidity current

processes in the past few years thanks to the advent of technologies used to image

flows in action (e.g. Xu et al., 2004; Khripounoff et al., 2012; Sumner and Paull, 2014;

Hughes Clarke, 2016; Azpiroz-Zabala et al., 2017; Paull et al., 2018). Such direct obser-

vations have enabled better understanding of how turbidity currents interact with the

seabed (Hughes Clarke, 2016) and also of their internal structure (Azpiroz-Zabala et al.,

2017; Paull et al., 2018).

However, despite these remarkable advances in understanding flow processes, the link

between active flows and resulting deposits is still poorly understood because it is chal-

lenging to predict when flows occur. This thesis thus builds upon flow observations

previously acquired in British Columbia fjords (Bornhold et al., 1994; Hughes Clarke,

2016) and links them to the resulting depositional products, with a particular interest

in the organic carbon preserved in these products.
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1.4 Why study fjords to resolve the knowledge gap be-

tween turbidity current processes and products?

Fjords are deep, high latitude estuaries which have been (or are presently being) exca-

vated by land-based ice (Syvitski et al., 1987). Fjords typically extend from a moun-

tainous hinterland down to the sea, and are closed at their mouth by a sill. One or more

glacier-influenced rivers are usually the major freshwater inflow into fjords (Syvitski and

Murray, 1981). Therefore fjords constitute relatively small systems at the border be-

tween the land and the sea, that are sufficiently small scale to enable study of the whole

turbidite system from their origin at the river mouth to their deposits in a seafloor fan.

This thesis uses observations of turbidity current systems in fjords and thus aims to link

flow processes with their products in submarine systems that are directly connected to

land.

In the following sections I first report on the environmental setting and research back-

ground of the two fjords used in this thesis (section 1.4.1). I then explain why these fjords

were chosen to resolve the three research questions addressed in this thesis (sections 1.4.2

to 1.4.4). I finally briefly discuss the concept of fjords as analogues to turbidity current

processes and products occurring in larger oceanic settings that are directly connected

to land (section 1.4.5).

1.4.1 Focus on two British Columbia fjords: Howe Sound and Bute

Inlet

Canada has more fjords than all other countries combined and has the widest range of

fjord types (Syvitski et al., 1987); e.g. temperate drainage basins free of snow, perma-

nent ice-covered fjords, tide-/wave-/river- dominated fjords, permanently anoxic fjords,

continuously oxygenated fjords, and low to high sedimentation rate fjords. In this thesis

I focus on two temperate, river-dominated fjords characterised by high sedimentation

rates (between 1 and 300 mm/year, Syvitski et al., 1987), which are part of the 75

mainland fjords of British Columbia (Howe Sound and Bute Inlet, Figure 1.3).
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Figure 1.3: Location of the two fjords used in this thesis in British Columbia Canada.

The first fjord, named Howe Sound, is located on the southwest coast of British Columbia,

close to the city of Vancouver (Figure 1.3 and 1.4a). Howe Sound is 42 km long and

comprises several submarine valleys that form deep basins enclosed by two submerged

sills (Hickin, 1989). Up to 600 m thick deposits of Quaternary sediments cover the

basins (Syvitski and Macdonald, 1982). The maximum water depth (325 m) of Howe

Sound occurs north of the first sill, half way down the fjord. Tides in Howe Sound are

mixed semidiurnal, with a mean range of 3.2m and a macrotical range of 5 m maximum

(WaterSurveyCanada, 2018).

The second fjord, named Bute Inlet, is located 200 km to the North-West of Howe

Sound (Figure 1.3). Bute Inlet is about 80 km long and 4 km wide (Figure 1.4b). Water

depths range between 200 and 650 m, with maximum water depths terminating at a

single sill (Prior et al., 1986). The mean tidal range of Bute Inlet is 3.6 m, with tidal

height sometimes exceeding 5.5m (Water Survey of Canada, 2018).
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Figure 1.4: a. Bathymetry map of Howe Sound, fed by the Squamish River. b.
Bathymetry map of Bute Inlet, fed by the Homathko and Southgate Rivers.

Scientists from the Canadian Hydrographic Service and Geological Survey performed the

first detailed mapping of British Columbia fjords about 30 years ago using single beam

echosounders, side-scan sonars and seismic profilers. Submarine channels were revealed,

incised into the fjord seafloors (e.g. Howe Sound, Bute Inlet, Prior and Bornhold, 1984;

Prior et al., 1986, resp.). Such submarine channels were associated with turbidity current

activity directly observed in Bute Inlet by a suite of instruments composed of current

meters, tilt meters, flow deflection vanes, sediment traps and turbidity event detectors

(Prior et al., 1987; Bornhold et al., 1994). Flows were characterised by peak velocities in

excess of 3 m/s, and run-out distances sometimes longer than 25 km and flow thicknesses

of up to 30 metres. Some of the flows observed were powerful, and caused damage to

moorings (Prior et al., 1987). However, these early studies did not consider the initiation

of turbidity currents, their interaction with the submarine channels, and the character

of their resulting deposits. While direct monitoring of flows has not been attempted in

Bute Inlet since these early studies, flows were recently observed using groundbreaking

technologies in Howe Sound (Hughes Clarke et al., 2014; Hughes Clarke, 2016). This

thesis thus builds upon the early work in Bute Inlet and the recent flow observations

in Howe Sound by addressing the three research questions presented in section 1.2 and

further developed in the following sub-sections.
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1.4.2 Fjords are natural laboratories to study the connection of rivers

with offshore sediment transport

Howe Sound and Bute Inlet are ideal locations to study the link between rivers and

offshore sediment transport because they are directly connected to glacier-fed rivers.

The Squamish River flows into Howe Sound at the head of the fjord. It has an annual

river discharge of 250 m3/sec, with maximum discharges of up to 1000 m3/sec in the

freshet due to the snow melt from the surrounding glaciers (Water survey of Canada,

2018). Bute Inlet is fed by the Homathko and Southgate Rivers which contribute 75 %

and 19 % of the annual water inflow respectively (Zeng et al., 1991). Homathko River

can reach 1600 m3/s in summer and has an average of 200 m3/sec annually (Water

Survey of Canada, 2018).

The instruments deployed in the 1980’s demonstrated that flows are frequent during the

freshet period (25-30 events per year), yet how turbidity currents are initiated by rivers

remained unresolved (Bornhold et al., 1994). Recent studies in Howe Sound have shown

that turbidity currents predominantly occur at low tide when the river discharge exceeds

250 m3/sec (Clare et al., 2016). 27 % of flows were further shown to be initiated from

delta slope failures while the remaining 73 % of flows were associated with settling of

dilute plumes (Hizzett et al., 2018). However, the mechanism by which dilute plumes can

trigger turbidity currents is unknown. Chapter 2 of this thesis resolves the mechanism by

which dilute plumes trigger turbidity currents, and provide the first direct observations

of a very dilute river plume generating turbidity current.

1.4.3 River-fed fjords contain highly dynamic submarine channels re-

worked by frequent turbidity currents

The use of swath multibeam bathymetric surveys over the last 10 years has enabled de-

tailed characterisation of the channels formed by turbidity currents in British Columbia

fjords (Fig. 1.4, Conway et al., 2012; Brucker et al., 2007; Hughes Clarke et al., 2012;

Gales et al., 2019). Submarine channels were revealed to be covered by highly dynamic

features such as upslope-migrating knickpoints (e.g. in Bute Inlet Conway et al., 2012,

Fig. 1.5) and trains of upslope-migrating crescentic bedforms (e.g. in Howe Sound,

Hughes Clarke et al., 2014, Fig. 1.5). The very recent development of flow monitor-

ing technologies has enabled direct links between such upslope-migrating bedforms and

confined supercritical (i.e. thin and fast) turbidity currents in a submarine channel

downstream of the Squamish Delta in Howe Sound (Hughes Clarke, 2016).

Besides submarine channel mapping and turbidity current monitoring, seafloor deposits

have been sampled in British Columbia fjords (e.g. Zeng et al., 1991; Stacey et al.,

2019). Coarse grained sediment (massive sands Bouma Ta) were revealed to cover the

submarine channel thalwegs of Bute Inlet and Howe Sound. Cored sedimentary deposits
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were further shown to fine downslope from the confined submarine channels to the distal

lobes. These sets of sediment cores have enabled flow properties and recurrence intervals

of turbidity currents in Bute Inlet and Howe Sound to be inferred (Zeng et al., 1991;

Stacey et al., 2019).

Despite the major progress in understanding seafloor morphology and sedimentary prod-

ucts in British Columbian fjords, the link between flows, bedforms and deposits is still

largely unresolved. Chapter 3 of this thesis focuses on the deposit facies/architecture

produced by supercritical turbidity currents observed to form upstream-migrating bed-

forms in the proximal channels of Howe Sound.

1.4.4 Fjords are globally significant for organic carbon burial

While British Columbia fjords have been recognized as potentially important sinks for

organic carbon (Syvitski et al., 1987), the role of turbidity currents in distributing and

preserving organic carbon particles has not been addressed in these fjords. Fjords are

considered to be efficient sinks for organic carbon for two main reasons. First, fjords are

directly connected to terrestrial rivers and mountains which can deliver large amounts

of organic carbon over short time periods (Hilton et al., 2012). Second, subaqueous fjord

deposits have a great burial potential due to high sedimentation rates (between 0.1 and

9000 mm/year, Syvitski et al., 1987). For these reasons, fjords were shown to account

for 11 % of the annual organic carbon burial globally, based on 573 surface sediment

samples and 124 sediment cores taken from all types of fjords worldwide (Smith et al.,

2015). Following this global study, it has been proposed that 55 to 62 % of the organic

carbon buried in fjords is terrestrial (as opposed to marine; Cui, Bianchi, Savage and

Smith, 2016), biospheric (as opposed to rock-derived; Cui, Bianchi, Jaeger and Smith,

2016), and modern (Cui et al., 2017). Such findings are important as the burial of young

biospheric terrestrial organic matter in marine sediment directly inhibits the escape of

organic carbon as atmospheric CO2, which influences the global climate over geological

timescales (Berner, 1982; Hayes and Waldbauer, 2006; Blair and Aller, 2012).

However, those studies have largely ignored the dynamic sedimentary processes that

occur in fjords, in particular within turbidity current channels. In chapter 4 of this

thesis I aim to test the role of turbidity current channels in organic carbon transport

and burial by using direct observations of turbidity current processes and products in

Bute Inlet.

1.4.5 Fjords provide insights into larger deep ocean systems

Fjords are often seen as mini-oceans where particle inputs and outputs can be more

easily constrained compared to ocean systems (Syvitski et al., 1987). Fjords are indeed
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relatively accessible due to their close location to the shore and their sheltered nature.

Furthermore, the occurrence of turbidity currents can be relatively well predicted be-

cause many sub-annual flows are associated with the relatively higher sediment delivery

during the freshet period (Prior et al., 1986; Bornhold et al., 1994; Clare et al., 2016).

I suggest that the science demonstrated in chapters 2, 3, and 4 can serve as analogues

larger oceanic basins for the following reasons.

First, although the scale (i.e. general extent and depth) of fjords is an order of mag-

nitude smaller than oceanic settings, fjords share similarities with larger settings in

terms of seafloor morphology (Figure 1.5). For instance, detailed mapping of submarine

channels in Bute Inlet and Howe Sound reveals the presence of scours (named knick-

points) and trains of crescentic bedforms which migrate upstream (e.g. Conway et al.,

2012; Hughes Clarke et al., 2014). These features are commonly found in ocean canyons

(Symons et al., 2016) with similar scale and shapes to the ones observed in fjords, e.g.

Monterey and Var canyons (Paull et al., 2011; Migeon et al., 2012). The formative

processes of such features were first studied using experimental models (e.g. Spinewine

et al., 2009; Yokokawa et al., 2009; Toniolo and Cantelli, 2007, Fig. 1.5). Relatively easy

access to fjords systems now allows these experimental findings to be tested and further

expanded in natural environments (e.g. Hughes Clarke, 2016).
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Figure 1.5: Seafloor geomorphological features modelled in flumes and observed in
fjords and ocean settings.
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Second, fjords are comprehensive systems where sedimentary inputs can be tracked from

source (i.e. rivers) to sink (due to the confinement of the distal sill) due to their direct

connection with the rivers and their relatively small scale compared to oceanic systems.

The distribution of river-derived, i.e. terrestrial, materials by turbidity currents can

thus be characterised in unprecedented detail in fjords. Given that fjords contribute

11 % of the annual organic carbon burial globally (Smith et al., 2015) and that carbon

burial in marine sediments controls atmospheric CO2 levels (Blair and Aller, 2012), it is

particularly key to be able connect the terrestrial to the marine environment in fjords.

It has to be noted that source to sink studies made in fjords may not upscale to all ocean

systems. I thus suggest that source to sink observations made in this thesis will apply

in the proximal parts of coarse-grained ocean submarine channels directly fed by rivers

influenced by tides and surrounded by woody vegetation. The upscale of the scientific

findings demonstrated in chapters 2, 3, and 4 to ocean settings will be further discussed

in all three chapters and in the final chapter 5.
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2.1 Abstract

Rivers (on land) and turbidity currents (in the ocean) are the most important sediment

transport processes on Earth. Yet, how rivers generate turbidity currents remains poorly

understood. The current paradigm, based on laboratory experiments, is that turbidity

currents are triggered when river plumes exceed a threshold sediment concentration of 1

kg.m-3. Here we present direct observations of an exceptionally dilute river-plume, with

sediment concentrations one order of magnitude below this threshold (0.07 kg.m-3), that

generated a fast (1.5 m/s), erosive, short-lived (6 min) turbidity current. However,

no turbidity current occurred during subsequent similar river-plumes. We infer that

turbidity currents are generated when fine-sediment, accumulated in a tidal turbidity

maximum is released during spring tide. This means that very dilute river-plumes

can generate turbidity currents more frequently and in a wider range of locations than

previously thought.

2.2 Introduction

Turbidity currents are seafloor hugging flows that are driven by their suspended sedi-

ment (Daly, 1936; Middleton and Hampton, 1973). These flows are the main process

transporting terrestrial sediment from river mouths into the deep-sea. The combination

of rivers and turbidity currents accounts for the majority of global sediment transport

(Talling, 2014). However, the link between rivers and turbidity currents is poorly under-

stood because there are few direct measurements of how turbidity currents are generated

at river mouths (Ayranci et al., 2012; Hizzett et al., 2018). Understanding this link is

important for understanding the global redistribution of sediment, organic matter (Liu

et al., 2012) and pollutants such as plastic (Kane and Clare, 2019).

Three main processes have been proposed for the initiation of turbidity currents from

river plumes (Piper and Normark, 2009; Clare et al., 2016). First, delta slope failures

generate submarine landslides that evolve into turbidity currents (Figure 2.1a; Piper

and Savoye, 1993; Clare et al., 2016; Obelcz et al., 2017). Second, river plumes that are

denser than seawater (>40 kg.m-3 of sediment) directly feed turbidity currents (Figure

2.1b; Mulder and Syvitski, 1995; Liu et al., 2012); this is commonly called a plunging

hyperpycnal flow. Only 9 out of 150 rivers studied by Mulder and Syvitski (1995) have

sufficient sediment concentrations to enable the formation of plunging hyperpycnal flow.

Third, experiments suggest that turbidity currents can be generated by dilute river

plumes with sediment concentrations as low as 1 kg.m-3 (Figure 2.1c; Parsons et al.,

2001) if the plume locally becomes denser than ambient seawater (by either double

diffusion or settling-driven convection; Hoyal et al., 1999a,b; Jazi and Wells, 2016;

Parsons et al., 2001; Sutherland et al., 2018). This 1 kg.m-3 threshold implies that 61

of the 150 rivers studied by Mulder and Syvitski (1995) can generate turbidity currents.
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In this paper we define that a river plume has initiated a turbidity current at the point

that the flow is able to erode the seabed. A small number of field studies have suggested

that rivers with suspended sediment concentrations less than the 1 kg.m-3 threshold can

generate turbidity currents. For example, turbidity currents were reported offshore from

the Sepik River (sediment concentrations 0.04 to 0.25 kg.m-3 Kineke et al., 1995), and

the Fraser River (sediment concentration of 0.18 kg.m-3 Ayranci et al., 2012; Lintern

et al., 2016). This implies that there could be a fourth mechanism for generating tur-

bidity currents at river mouths. Importantly, such very dilute sediment concentrations

characterise 144 of the 150 rivers studied by Mulder and Syvitski (1995), implying that

almost all rivers might be able to directly initiate offshore turbidity currents.

Figure 2.1: Mechanisms triggering turbidity currents at river mouths proposed in the
literature. Statistics in Squamish are based on Hizzett et al., 2017. References for given
examples: 1: Piper and Savoye, 1993, Mulder et al., 1997. 2: Obelcz et al., 2017. 3:
Girardclos et al., 2012. 4: Carter et al., 2012, Liu et al., 2012. 5: Kineke et al., 2000.

6: Lintern et al., 2016

The physical process(es) that generate turbidity currents from very dilute river-plumes

are not yet understood, primarily due to the absence of direct real-world observations.

Here we present the first detailed observations of how a turbidity current is generated

by a dilute river-plume. This was achieved by deploying an innovative array of sensors

from both stationary and moving vessels at a fjord-head delta.
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2.2.1 Aims

Our first aim is to understand how very dilute rivers generate turbidity currents. We

document the temporal evolution of a dilute river plume throughout multiple tidal cycles.

We propose a new mechanism that explains the formation of a single 6-minute-long

self-accelerating turbidity current from this dilute river plume. Our second aim is to

understand the wider implications of this new mechanism for triggering of turbidity

currents globally.

2.3 Setting of field measurements

The Squamish Delta lies at the mouth of the Squamish River in Howe Sound, a fjord in

British Columbia, Canada (Figure 2.2a). This fjord has a shallow surface layer ( 2m)

composed of turbid fresh water due to discharge of the Squamish River, which is un-

derlain by saline marine water (Syvitski and Murray, 1981). Tides in Howe Sound are

mixed semidiurnal, with a macrotidal range of 5m (Buckley, 1977).
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Figure 2.2: Setting and field deployment. a. Location of Squamish in British
Columbia (Canada). b. Squamish river entering Howe Sound Fjord and bathymet-
ric map of the seafloor. c. Photograph showing the Squamish River entering Howe
Sound fjord as a surface plume. d. 3 dimensional view of the instrument set-up in the

central submarine channel.

Three sandy submarine channels lie downstream of the delta lip. These channels have

been mapped repeatedly since 2011 (Figure 2.2b, Hughes Clarke, 2016; Hage et al.,

2018), and several self-accelerating turbidity currents have been observed (with typical
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velocities: 0.5 - 3 m.s-1; Hughes Clarke, 2016). These turbidity currents are erosional

because they are documented as causing movement of upstream-migrating bedforms

within the channels (Hughes Clarke, 2016; ?; Hage et al., 2018). Turbidity currents

predominantly occur at low tide, and when the river discharge exceeds 250 m3.s-1 (Clare

et al., 2016). In 2011, 106 turbidity currents were monitored; 27% of flows were triggered

by slope failures on the delta lip; and 73% of flows were associated with settling of

dilute plumes (Hizzett et al., 2018). The Squamish River does not reach the sediment

concentrations ( 40 kg.m-3) needed for wholescale plunging (Mulder and Syvitski, 1995),

or the 1 kg.m-3 threshold to undergo double-diffusion related settling (Parsons et al.,

2001). The Squamish delta is thus a well-suited natural laboratory to measure how very

dilute river-plumes generate turbidity currents.

We collected observations from 13th - 17th June 2015 in the central submarine channel

(Figures 2.2b, d). River discharge was relatively low (300 - 400 m3.s-1) for summer time,

yet higher than the minimum river discharge associated with occurrence of turbidity

currents (250 m3.s-1, Clare et al., 2016). Our observations took place during several

tidal cycles, when the tidal amplitude (3.5 to 4m) was gradually building toward spring

tide (Figure 2.3a).

2.4 Methods

We deployed instruments from two research vessels to study the river plume and its

associated turbidity currents for five days (Figure 2.2d). The first vessel (RV Strick-

land) was moored by four anchors, and was located above the southern channel, 300

m downstream of the delta -lip, at a water depth of 60 m. This stationary vessel was

used to: suspend a down-looking 600 KHz Acoustic Doppler Current Profiler (ADCP)

30 m above seafloor to detect turbidity currents and measure their velocity; and collect

suspended sediment samples from the water column to calibrate our acoustic measure-

ments. The second moving vessel (RV Heron) repeatedly surveyed the central channel

every 12 minutes, for a three-hour period around low tide. The RV Heron carried two

multibeam echosounders, an Optical Backscatter probe (OBS) and Conductivity Tem-

perature Depth probe (CTD) that were raised and lowered to profile the water column.

2.4.1 Turbidity current velocity and river-plume concentrations

The ADCP deployed from the stationary vessel was used to: 1) detect turbidity currents

and measured flow velocity; and 2) measure acoustic backscatter of the plume and tur-

bidity current, which we inverted to suspended sediment concentration using established

methods (e.g. Downing et al., 1995; Thorne and Hurther, 2014; Azpiroz-Zabala et al.,

2017). Backscatter was corrected for water attenuation and for spherical spreading of
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the acoustic waves (Downing et al., 1995). Corrected backscatter was then correlated

with sediment concentration of the flow, assuming a uniform grain-size distribution (40

µm D50 in the dilute plume; 200 µm D50 in the turbidity current based on the sediment

samples collected in the water column). There is good agreement (+/- 0.005 kg.m-3)

between the concentration calculated from the inversion and the physical measurements

from sediment sampling (suppl. Fig. 2.7).

Figure 2.3: Acoustic Doppler Current Profiler (ADCP) results. a. Tides observed
at Atkinson Station and Squamish River discharge measured at Brackendaele in June
2015. b. Tides and suspended sediment time series at fixed vessel location (see Fig.
2.2) from 13th to 17th June 2015. Suspended sediment was obtained after inversion of
a 600 KHz ADCP backscatter (assuming grain size distribution with D50 = 40 µm).
c. Tide and suspended sediment time series on 14th June. d. Tide and suspended
sediment times series on 16th June. e. Tide, suspended sediment time series on 15th
June. f. Suspended sediment in the turbidity current (assuming grain size distribution
with 1) D50 = 40 µm, 2) D50 = 200 µm). g. velocity magnitude of the turbidity
current. Note: These time series images cover 35m to 60m of water depth and thus

only show the lower layer imaged in Fig. 2.5a.
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2.4.2 Salinity, temperature and suspended sediment concentrations

CTD and OBS probes were deployed from the moving vessel at two locations in the

central channel. The proximal location was 100 m off the delta lip, at 15 m water

depth. A distal (background) location was situated 500 m off the delta lip, in 60 m water

depth (Figure 2.2d). CTD profiles enabled derivation of ambient water density (Figure

2.5a). OBS probe voltages were converted to sediment concentration by calibration

with suspended sediment samples (see suppl. Fig. 2.8 for calibration curve). Salinity,

temperature and suspended sediment concentrations were combined to derive the density

profiles at the proximal and distal locations in the river plume.

Based on these total water densities, we computed horizontal density gradients through

the uppermost 10 m of the water column. This was achieved by comparing density values

at the same water depth within the river plume (proximal location) and the ambient

saline background (distal location, Figure 2.4). A density gradient <than 1 corresponds

to the river plume (at the proximal location) being lighter than the saline background

water, implying that the sediment laden water is confined against the delta by the salt

water. A density gradient >1 corresponds to the river plume being denser than the

saline background water, such that the sediment-laden water can migrate offshore.

2.4.3 Repeated water column imaging and seafloor mapping

We used a 70-100 kHz multibeam echosounder attached to the moving vessel to map the

seafloor and detect any erosion/deposition caused by turbidity currents. A second 500

KHz multibeam echosounder also attached to the moving vessel imaged the suspended

sediment (expressed as higher, white backscatter on Figure 2.5) throughout the depth

of the water column from the delta-lip to 800 m offshore.
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Figure 2.5: a. Left panel: 5 water column transects imaged by a 500 KHz M3
echosounder on 15th June 2015 along profile track shown in Fig. 2.2c. Right panel:
Interpretation and transects timing according to tides. b. Difference map between
seafloor morphology 12 min before/after the turbidity current. The turbidity current

caused up to 2 m of erosion and up to 1 m of deposition

2.5 Results

2.5.1 Water column structure and horizontal density gradients

We divide the water column into three layers (Figures 2.5a and 2.6a): 1) the surface

layer is 2 m thick, water is fresh (0-5 PSU), temperature is variable (10-15 °C) and
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suspended sediment concentrations are high (0.04 to 0.05 kg.m-3); 2) the mixed layer is

from 2 to 5 m in the water column, salinity and temperature increase to 30 PSU and

14 °C respectively, and suspended sediment decreases to 0.02 kg.m-3; 3) the lower layer

extends to the seabed, water is saline (29-30 PSU), temperature is 11 to 12 °C, and

suspended sediment concentrations are low (0.01 to 0.02 kg.m-3).

Here we describe the horizontal density gradients in each of the three layers (Figures

2.2d, 2.4 and 2.6a). The surface layer had a density gradient <1 during our study period,

as the distal brackish water distally was always denser than the proximal fresh water in

the river plume. The mixed layer had density gradients fluctuating from <1 to >1 on

15th and 16th June, due to a strong mixing between salt water and the river plume. The

lower layer had neutral density gradients on 14th June, with density gradients in excess

of 1 for about 2 h at low tide on the 15th and 16th June. Density gradients >1 are due

to enhanced sediment concentrations in the saline lower water close to the delta.

Importantly, although the >1 density gradient in the lower layer occurs for several hours

at low tide on 15th and 16th June, only one 6-minute-long turbidity current was triggered

on 15th June at 17:58 UTM, when the density gradient first exceeded 1 (Figure 2.4).

2.5.2 Observations of the 15th June turbidity current

The turbidity current (peak internal velocity = 1.5 m/s) lasted 6 minutes, was up to

6 m thick, and was confined within the 10 m deeo channel (Figure 2.3f). Seafloor

surveys 12 min before, and 12 min after the turbidity current (Figure 2.5b) reveal that

the turbidity current started eroding 100 m downstream of the river mouth (at our

proximal water-sampling location). These time-lapse surveys show the turbidity current

was most erosive at a site 500 m downstream of the river mouth (at our ADCP location).

Sediment-laden water samples taken from the top of the turbidity current two minutes

after the flow began reveal that the turbidity current was at least 40 kg.m-3; which is

corroborated by the ADCP backscatter data (Figure 2.3f). The total volume of sediment

carried by the turbidity current is estimated to be less than 670 m-3 from sequential

seafloor surveys, and more than 180 m-3 from the acoustic inversion (which excludes the

bottom meter of the flow; Table 2.2).

2.5.3 Summary

Our results show that sediment settling from a very dilute (0.07 kg.m-3) river plume

generated a turbidity current that self-accelerated over a distance of 500 metres and

became >200 times denser than the initial surface plume. Importantly, this turbidity

current initiated from a plume that was an order of magnitude less concentrated than

previously thought possible (Parsons et al., 2001); however similar subsequent plumes

did not trigger any more turbidity currents.
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Figure 2.6: a. Summary sketches of the observations described in this study. Density
ratio sketches correspond to the density difference at the proximal location X com-
pared to the distal location X’. One turbidity current occurred on 15th June in the
following steps: 1. dilute river creates a plume at the fjord surface; 2. higher sediment
concentration occurs at X in the lower layer due to downslope movement of the tur-
bidity maximum; 3. higher sediment concentration at X generates a positive density
gradient, triggering the lower layer to move away from the delta; 4. if the sediment
cloud in the lower layer moves away from the delta on an erodible substrate, it can
erode and accelerate into a turbidity current. b. River discharge versus suspended load
in 150 rivers worldwide (based on Mulder and Syvistski, 1995), with corresponding

mechanisms described in previous studies and in this study.
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2.6 Discussion

We compare our observations with previously suggested trigger mechanisms and thresh-

olds and consider when and how dilute river plumes generate turbidity currents. We

then discuss the wider implications of our work for the global frequency of turbidity

currents offshore from rivers.

2.6.1 A reduced threshold sediment concentration for generating tur-

bidity currents

Experiments have shown that dilute (0.5-7 kg.m-3) river plumes entering saline water can

settle towards the seabed by either double diffusion or settling-driven convection (Hoyal

et al., 1999a,b; Parsons et al., 2001; Jazi and Wells, 2016; Sutherland et al., 2018). In

these experiments turbidity currents were only generated when the settling plume had

a concentration >1 kg.m-3 (Parsons et al., 2001). At Squamish Delta, we show that the

sediment concentration threshold needed for sediment to reach the lower layer in the

water column, and to trigger a turbidity current, can be much lower (0.07 kg.m-3) than

in the previous experimental models (>1 kg.m-3; Parsons et al., 2001).

However, our study shows that we should not simply consider a fixed river-plume sedi-

ment concentration threshold because a series of other environmental factors is involved

in the generation of turbidity currents by rivers. Below we discuss a new mechanism

that explains how dilute river plumes generate turbidity currents.

2.6.2 How do dilute river plumes generate turbidity currents?

Turbidity currents have been generated by the Squamish plume during heightened river

discharge (>250 m3.s-1) and at low tide (preferentially spring tides) (Hughes Clarke

et al., 2014; Clare et al., 2016; Hizzett et al., 2018). Here we discuss the role of these two

processes in turbidity current generation. Our results reveal that sediment concentra-

tions are highest in the lower saline layer at low-water during spring tides (Figure 2.6a).

Local increased levels of sediment concentration in tidal deltas occur at the interface

between the fresh river water and the saline fjord water, this is called the turbidity max-

imum (Dyer, 1997). Sediment accumulates in this area by the combination of offshore

river transport and onshore sediment transport by saline underflow. Where the fresh

and salt water meet, they mix and are advected upwards into the mixing layer and away

from the delta. The lower velocities in this mixing zone allow sediment accumulation,

forming the turbidity maximum; this is often associated with the formation of a fine sed-

iment or fluid mud layer on the seafloor (Allen et al., 1980). Increased river discharge

and low tide conditions result in faster flows at the river mouth because more water has

to flow through a shallower channel. The higher velocities of the river water pushes the
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turbidity maximum away from the delta lip and onto the steeper part of the delta. The

ADCP backscatter data shows that increased tidal amplitude results in earlier arrival

and a higher concenration turbidity maximum (Figure 2.3). The turbidity maximum on

the 15th June is sufficiently concentrated to produce the first positive density gradient

(Figure 2.4) in this spring-neap tidal and thus trigger a turbidity current.

Despite more concentrated turbidity maxima at the same location on the 15th and the

16th June, no further turbidity currents were generated. An explanation for this is that

episodic remobilisation of seafloor sediment is also needed to trigger (and maintain) a

turbidity current. We thus propose that a layer of fine and mobile sediment is deposited

on the delta front by turbidity maxima during the neap part of tidal cycle. The first

turbidity current removes this sediment and as a result no further turbidity currents

are generated. Unconsolidated seafloor sediment have been observed in other active

submarine channels (Lintern et al., 2016; Paull et al., 2018).

2.6.3 Global implications for more frequent and widespread turbidity

currents

The major implication of our study is that almost all rivers in the global database of

Mulder and Syvitski (1995) may be able to generate turbidity currents. We therefore

suggest that there are many settings in which turbidity maxima generated turbidity

currents may be important. However, because we also show that turbidity current

generation is not determined by a simple sediment threshold there is a need for further

research in different locations that considers factors such as river discharge, tidal range,

seabed-gradient, and sediment settling rates.

More frequent generation of turbidity currents at a wider range of locations globally

has important implications. Turbidity currents offshore from river mouths often carry

large amounts of organic carbon (Liu et al., 2012). This new mechanism for turbidity

current generation will increase the dispersal and burial of terrestrial organic carbon

in the deep sea. Our work also has implications for how turbidity currents form thick

deltaic deposits within the geological record (Hage et al., 2018), as this new triggering

mechanism is likely to have been important during sea-level low stand conditions, when

a far larger share of the world’s rivers flowed directly on to the continental slope. We

thus outline an important new mechanism that links the two most important sediment

transport mechanism on our planet - rivers and turbidity currents.

2.7 Conclusion

It was previously thought that rivers needed to exceed a sediment concentration thresh-

old to generate turbidity currents offshore river mouths (e.g. 40 kg.m-3, 1 kg.m-3 Mulder
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and Syvitski, 1995; Parsons et al., 2001). Here we show that rivers with far lower sedi-

ment concentrations (0.07 kg.m-3) can produce local turbidity maxima dense enough to

generate fast and erosive turbidity currents.

However, these turbidity currents are only generated when fine-sediment, which settled

from the dilute plume during lower tidal amplitudes or reduced river discharge levels,

is available on the seafloor to be remobilised. Our findings are important because they

imply that a far wider range of rivers than previously thought, have the potential to

generate turbidity currents, because there is no fixed sediment threshold that must be

exceeded. Understanding the mechanism that initiate turbidity currents offshore other

river mouths is crucial as this mechanism is the starting point for delivery of terrestrial

particles (e.g. pollutants, organic carbon, micro plastics) to the deep sea.
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2.9 Supplementary material

Figure 2.7: Acoustic Doppler Current Profiler inversion results (see Fig. 2.1b for
ADCP location). a. sediment concentration for 5 days of measurements (mean grain
size used for inversion = 40µm). b. profiles from a. plotted against sediment samples
taken at same time/location. c. suspended sediment (g/L) after calibration of high gain
probe. d. zoom into turbidity current sediment concentration (D50 grain size used for

inversion = 40 and 200µm)
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Figure 2.8: Calibration curve for the high gain Optical Backscatter probe deployed
from the Moving vessel (Fig. 2.1c). Dots are physical samples collected in the water

column at the same time as the OBS deployment.

Figure 2.9: Grain size distributions of samples taken in the turbidity current from the
fixed vessel (see Location in Fig. 2.2). Measurements were performed with a Malvern

Mastersizer 2000.
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Figure 2.10: Salinity and suspended sediment concentration profiles measured at the
proximal (15 m water depth) and distal (60 m water depth) compared to the Squamish
delta (see Fig. 4 for location). Note: the abrupt cut-off at 0.07 g/L at the proximal
site indicates saturation of the instrument. The maximum suspended sediment values

are further constrained by direct samples collected in the river shown in Table 2.1.

Table 2.1: Water and sediment samples collected in the Squamish river mouth.
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Figure 2.11: Examples of water densities and confidence intervals used to compute
density gradients shown in Fig. 2.4. Left and central columns: Water density based on
salinity, temperature and suspended sediment data for proximal and distal locations.
Dashed lines represent the 95% confidence interval based on the suspended sediment
values obtained after calibration of the Optical Backscatter Probe. Right column:

density gradients shown in Fig. 2.4. Dashed lines are the 95% confidence intervals.
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Table 2.2: Properties of the turbidity current monitored on 15th June 2015 and pre-
sented in this study. a. Maximum velocity of the flow front imaged by a forward-looking
echosounder as presented in Hage et al. (2018). b. Maximum sediment concentration
measured from a sample taken 2 min after the flow started (Fig. S9). c. Maximum
thickness documented using acoustic Doppler current profiler backscatter (Fig. 3F). d.
Turbidity current duration measured by the acoustic Doppler current profiler (Fig. 3G).
e. Maximum width of the flow imaged by a forward-looking echosounder, as presented
in Hage et al. (2018). Flow remained confined within the 90 m long submarine channel.
f. Total sediment volume lost from the seabed, based on a comparison between two
bathymetric surveys collected before and after the turbidity current, Fig. 5B). * Note
that this method does not include thin deposits below the resolution of bathymetric
mapping, which may reduce this estimate of total sediment volume lost. g. Total sed-
iment volume carried by the turbidity current, based on inversion of backscatter data
from the acoustic Doppler current profiler. * Note that the ADCP did not image the
bottom meter of the flow, due to acoustic interference with the seabed, and this method

may thus underestimate sediment volumes transported by the flow.



Chapter 3

How to recognize crescentic

bedforms formed by supercritical

turbidity currents in the geologic

record: Insights from active

submarine channels

This chapter forms a peer-reviewed paper published in Geology :

Hage, S., Cartigny, M. J. B., Clare, M. A., Sumner, E. J., Vendettuoli, D., Hughes

Clarke, J. E., Hubbard, S. M., Talling, P. J., Lintern, G. D., Stacey, C. D., Englert, R.

G., Vardy, M. E., Hunt, J. E., Yokokawa, M., Parsons, D. R., Hizzett, J. L, Azpiroz-

Zabala, M., Vellinga, A. J. (2018). How to recognize crescentic bedforms formed by

supercritical turbidity currents in the geologic record: Insights from active submarine

channels. Geology 46(6): 563-566.

Author contributions: M.A-Z., M.J.B.C., M.A.C., S.H., J.L.H., J.E.H.C., J.E.H.,

D.G.L., C.D.S., E.J.S., P.J.T., M.E.V., A.J.V., M.Y. collected the Squamish field data.

S.M.H., R.E., S.H. collected the Gabriola outcrop data. D.V. produced the stratigraphic

profile based on repeated time-lapse bathemtry. S.H., M.J.B.C., M.A.C., E.J.S. analysed

the data and wrote the manuscript. All authors developped ideas and agreed on the

final version of this manuscript.

35



36
Chapter 3 - How to recognize crescentic bedforms formed by supercritical turbidity

currents in the geologic record: Insights from active submarine channels

3.1 Abstract

Submarine channels have been important throughout geologic time for feeding globally

significant volumes of sediment from land to the deep sea. Modern observations show

that submarine channels can be sculpted by supercritical turbidity currents (seafloor sed-

iment flows) that can generate upstream-migrating bedforms with a crescentic planform.

In order to accurately interpret supercritical flows and depositional environments in the

geologic record, it is important to be able to recognize the depositional signature of cres-

centic bedforms. Field geologists commonly link scour fills containing massive sands to

crescentic bedforms, whereas models of turbidity currents produce deposits dominated

by back-stepping beds. Here we reconcile this apparent contradiction by presenting

the most detailed study yet that combines direct flow observations, time-lapse seabed

mapping, and sediment cores, thus providing the link from flow process to depositional

product. These data were collected within the proximal part of a submarine channel on

the Squamish Delta, Canada. We demonstrate that bedform migration initially produces

back-stepping beds of sand. However, these back-stepping beds are partially eroded by

further bedform migration during subsequent flows, resulting in scour fills containing

massive sand. As a result, our observations better match the depositional architecture

of upstream-migrating bedforms produced by fluvial models, despite the fact that they

formed beneath turbidity currents.

3.2 Introduction

Turbidity currents transfer vast amounts of sediment from land to the deep sea via sub-

marine channels. Deposits of turbidity currents that filled ancient submarine channels

are important because they record past fluxes of sediment, organic carbon, and nutrients.

There are few direct observations from turbidity currents in action. Even fewer studies

have linked direct observations to detailed time-lapse mapping of seafloor change (e.g.

Hughes Clarke, 2016) or sedimentary deposits (e.g. Symons et al., 2017). This means

that links between flow processes and deposits are much debated (e.g. Ventra et al.,

2015; Kane and Hodgson, 2015), with direct implications for reconstructing flows, past

environments, and larger-scale sedimentary systems. Here we enable accurate interpre-

tation of these deposits by providing the most detailed study yet of turbidity currents

that combines direct flow monitoring, time-lapse seafloor mapping, and sediment coring.

Seafloor mapping has revealed that proximal, sandy submarine channels are often char-

acterized by crescentic bedforms that migrate upstream (Symons et al., 2016). Flow ob-

servations in submarine channels (Hughes Clarke, 2016) have connected these upstream-

migrating bedforms to flow instabilities, termed cyclic steps (Kostic and Parker, 2006;

Spinewine et al., 2009), which can occur at the base of supercritical stratified turbidity
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currents (Postma and Cartigny, 2014). Such upstream-migrating bedforms are impor-

tant, as they can enhance sediment transport efficiency (Sun and Parker, 2005), and

may initiate and maintain submarine channels (Fildani et al., 2013; Covault et al., 2014).

Prevalence of these upstream migrating bedforms on the modern seafloor (Symons et al.,

2016) suggests their deposits should be abundant in the geologic record. However, their

depositional signature is poorly constrained due to discrepancies between modeling re-

sults and outcrop observations.

Numerical and physical experiments with supercritical turbidity currents suggest they

deposit regular back-stepping (dipping up-slope) beds (Spinewine et al., 2009; Postma

and Cartigny, 2014; Covault et al., 2017). In contrast, outcrops interpreted as cyclic

step deposits are predominantly characterized by scour fills containing massive sand,

occasionally in combination with back-stepping beds (Dietrich et al., 2016; Lang et al.,

2017; Ono and Bjorklund, 2017). Modern analogues for these massive sands are reported

in sediment cores collected from crescentic bedforms in Monterey Canyon (offshore Cal-

ifornia, USA) (Paull et al., 2011); and similar bedforms have been associated with cyclic

steps on Squamish Delta, Canada (Hughes Clarke, 2016). Integration of synoptic mea-

surements from supercritical turbidity currents, associated bedforms, and deposits from

a single system are needed to resolve these discrepancies between model predictions and

outcrop observations.

3.2.1 Aims

Here we present the first combination of detailed (sub-minute resolution) flow moni-

toring, high-frequency (near daily) time-lapse seabed mapping, and sediment core data

from an active proximal turbidity current system. Our aims are to (1) understand how

proximal crescentic bedforms that formed beneath sandy supercritical flows are recorded

in the sedimentary record; (2) use these observations to reconcile discrepancies between

existing experimental depositional models and outcrop observations; and (3) provide

diagnostic criteria to identify crescentic bedforms in the geologic record.

3.3 Study site and Methods

Three turbidity current channels lie on the Squamish River Delta front, which flows into

Howe Sound, British Columbia (Figure 3.1). Here we focus on the proximal section of

the central channel, which stretches for 600 m, from 40 to 100 m water depth, and

contains crescentic bedforms with a wavelength of 20–30 m and height of 2–3 m. In

this location, flow observations show that crescentic bedforms result from supercritical

flow conditions at the base of turbidity currents (Hughes Clarke, 2016). We studied

these bedforms in the central channel over three field seasons (2011, 2015, and 2016)
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and now integrate these data to link flow processes with their sedimentary deposits.

Ideally, all data would be recorded in the same field season; however, such a data set

does not yet exist in any location. Instead, we integrate data collected during three

field seasons in which river discharges, turbidity current characteristics, and changes in

seafloor morphology were similar (Figure 3.2, Table 3.1) (Hughes Clarke et al., 2014;

Clare et al., 2016; Hughes Clarke, 2016).

Figure 3.1: a: Squamish River location, British Columbia, Canada. b: Three sub-
marine channels covered by crescentic bedforms occur offshore from river-mouth. c:
Location of flow dynamics observations in June 2015. d: Location of coring expedition

in June 2016.
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Figure 3.2: Squamish River discharge during survey periods at the Squamish Delta
presented in this study
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Table 3.1: Comparison between flow properties and seabed change described in
Hughes Clarke (2016) and in this study

3.3.1 Flow and Seafloor Observations

Flow dynamics were measured in June 2015 using two vessels. The first vessel was

moored using four anchors in a water depth of 60 m (Figure 3.1 ; Figure 3.3). Three

acoustic instruments were suspended 30 m above the seafloor from this fixed vessel, to

measure turbidity currents in three dimensions (c.f. Hughes Clarke, 2016, Table 3.2).

Two acoustic sonars imaged flows in both cross section and plan view (Figure 3.2a, 3.3,

Movies DR1 and DR2). A 600 kHz acoustic doppler current profiler (ADCP) recorded

flow velocity and echo (acoustic backscatter) intensity counts, imaging the current every

3.5 s (Figure 3.4c) . The second vessel enabled mapping of the 250 Ö 100 m study

area every 12 min (Figure 3.5b) using an EM710 multibeam system operating at 70–100

kHz. This repeat survey enabled seafloor changes (e.g., bedform migration) to be directly

related to turbidity current measurements.
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Figure 3.3: a. Instrument setup of the turbidity current monitoring carried out in
June 2015 in the central submarine channel downstream of Squamish Delta (See Fig.
3.1 for location). Three acoustic instruments were suspended 30 m above the seafloor.
Two fixed echosounders imaged the turbidity current every second in a profile view (see
Movie DR1) and plan view (see Movie DR2). An Acoustic Doppler Current Profiler
comprised of 4 beams measured the flow every 3.5 sec. b. ADCP Measurements on the
first 3 min of the flow (see Fig. 3.4b): internal velocities of the flow averaged between
the 4 beams (top panel); raw echo intensity returned by each ADCP beam (4 bottom

panels).

Table 3.2: Instrumentation used to monitor turbidity current and associated seafloor
evolution
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3.3.2 Sedimentary Deposit Observations

Depositional architecture resulting from successive flows was computed using time-lapse

seafloor surveys collected in 2011. This data set comprises 93 weekday repeat bathy-

metric maps of the bedform-covered channel floor (Hughes Clarke et al., 2014). By sub-

tracting each bathymetric survey from the previous day, we detected temporal changes in

seafloor elevation during a 4 month period. Sediment gains and losses were then stacked

to reconstruct the stratigraphic evolution associated with the upstream-migrating bed-

forms (Figure 3.3a). Finally, a series of closely spaced cores were collected in June

2016 across two crescentic bedforms (Figure 3.3b). These cores were logged visually and

photographed to document the sedimentary facies that characterize upstream-migrating

bedforms.

3.4 Results

3.4.1 Flow Monitoring and Seafloor Morphological Change

Here we focus on an individual flow monitored on 15 June 2015 in the central channel

(Figures 3.1, 3.3 and 3.4). This 15 min flow was characterized by a maximum frontal

velocity of 2 m/s, a maximum thickness of 7 m, and a maximum width of 100 m (Figures

3.4a and c; Movies DR1 and DR2). Echosounder images show that the leading edge of

the flow accelerated over the steep lee side of the bedforms (Figure 3.4a; Movies DR1

and DR2). This flow has similar properties to flows previously observed in the northern

channel (velocity, dimensions, and duration; Table 3.1). It caused similar movement of

bedforms to those shown to result from cyclic steps at the base of supercritical turbidity

currents in the 2013 surveys (Hughes Clarke, 2016). Detailed seafloor mapping was

conducted simultaneously with the flow observations on 15 June 2015. The observed flow

is linked with up to 1.5 m of upstream bedform migration (Figure 3.4b). Deceleration

of the flow promoted deposition of 0.25–0.5-m-thick upstream-dipping beds of sediment

on the stoss side of bedforms, as shown in the 12 min difference maps (Figure 3.4b).
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Figure 3.4: Observations of a turbidity current linked to crescentic bedforms. A:
Snapshot showing a plan view of flow traveling over bedforms. B: Seafloor change
during 12 min period after the flow snapshot in A and C. C: Time series of echo
intensity recorded by acoustic doppler current profiler (ADCP) backscatter showing

turbidity current (location in A).

3.4.2 Deposit Geometry (Seafloor Difference Maps) and Facies (Cores)

Four months of near-daily bathymetric surveys in 2011 allow us to study the stratigraphic

architecture that results from upstream migration of crescentic bedforms (Figures 3.5,

3.6a). The uppermost part of the stratigraphy (Figure 3.6a) contains up to 3-m-thick

successions of back-stepping beds. Individual back-stepping beds are 0.1–0.5 m thick.

These back-stepping beds result from the most recent turbidity current depositing sedi-

ment on the stoss side of bedforms, causing bedforms to migrate upstream. Occasionally,

large flows cause more significant upstream bedform migration, and erode the seafloor

more deeply, producing thicker (1 to 2.5 m) backstepping beds (see Figure 3.5). The

lower portion of these thicker backstepping beds is preserved typically as 1–2-m-thick

scour fills, as seen in the lower part of the final stratigraphy (Figures 3.5, 3.6a).
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Figure 3.5: Seafloor stratigraphy highlighted in colour for 4 turbidity current events,
which occurred during the 4-month repeat survey performed in 2011. Each line repre-

sents one day of bathymetric survey.
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Lastly, we used a set of piston and box cores to sample the sedimentary facies that are

associated with both back-stepping beds and scour fills (Figure 3.6b). The sediment

cores all contain multiple units of massive sands, which are ungraded to poorly graded,

and lack visible sedimentary structures (e.g. laminations). The uppermost sands in

two box cores were faintly laminated (cores 8 and 9; Figure 3.6b). The uppermost

parts of piston cores can be lost or disturbed during coring, potentially explaining the

lack of laminations. Contacts between beds are typically sharp and erosive. Individual

beds are therefore inferred to result from individual turbidity currents. Core bases

are commonly characterized by 1–2-m-thick sand beds, which likely record infilling of

deep scour fills during large flow events. The tops of cores display amalgamated sand

beds with thicknesses that correspond to those of backstepping beds recorded by repeat

bathymetric surveys (0.1–0.5 m; Figure 3.6a).

Figure 3.6: Crescentic bedform deposits. A: Along-strike stratigraphy computed
from 106 bathymetrical surveys, and comparison of the features with ancient crescentic
bedform deposits (see Table 3.3). B: Sediment cores showing the facies associated with

crescentic bedforms in our study site.

3.5 Discussion

3.5.1 Comparison with Existing Models

Cyclic steps and their deposits have been modeled both in turbidity current settings (e.g.

Fildani et al., 2006; Spinewine et al., 2009; Kostic, 2011; Cartigny et al., 2011; Covault

et al., 2017) and in fluvial settings (e.g. Yokokawa et al., 2009; Cartigny et al., 2014;

Vellinga et al., 2017). Surprisingly, and as described below, our observations better

match the depositional architecture of cyclic steps produced by fluvial models rather

than those produced by turbidity current models.

Studies of turbidity current bedforms have focused either on the depositional architec-

ture (e.g. Spinewine et al., 2009; Kostic, 2011; Covault et al., 2017), or on the facies

characteristics (e.g. Migeon et al., 2001; Postma and Cartigny, 2014) resulting from
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cyclic steps. Existing architectural models predict regular back-stepping beds that form

via deposition by the thick and slow part of the flow on the stoss side of bedforms. Our

observations are consistent with this model, as they show back-stepping beds in the up-

permost part of the stratigraphy. However, we also show that these back-stepping beds

are subsequently eroded, as bedforms continue to migrate upstream. Thus, ultimately,

only the lowest parts of the thickest back-stepping beds are preserved as scour fills. An

existing model of cyclic step facies (Postma and Cartigny, 2014) relates the thick and

slow part of turbidity currents, located downstream from hydraulic jump, to laminated

sands (Bouma, 1962, Bouma’s Tb). This model suggests that massive sands (Bouma’s

Ta) can be formed near the hydraulic jump. In agreement with this model, our cores

contain units composed of visually massive sands (Figure 3.6b). However, in contrast

to the model, these cores do not contain continuous units of laminated sands visible

to the naked eye (Bouma’s Tb). The lack of such laminated sand units suggests that

near-bed sediment concentrations of individual turbidity currents were sufficiently high

to suppress turbulence, thereby depositing massive sands (e.g. Sumner et al., 2008).

Previous models in fluvial settings demonstrate that aggradation rate affects deposit

characteristics in supercritical flows (Yokokawa et al., 2009; Cartigny et al., 2014; Vel-

linga et al., 2017). At one end of the spectrum, high net aggradation rates produce

regular back-stepping beds; at the other end of the spectrum, low net aggradation rates

produce scour fills. The only geometries preserved in our final stratigraphy are scour

fills that result from large flows. Based on analogies with fluvial models, we infer that

large flows produce higher aggradation rates, thus producing thicker sands that have

better preservation potential.

3.5.2 Recognition of Supercritical Flow Deposits in the Geologic Record

We synthesize the three data sets into a single block diagram to illustrate the rela-

tionships among flow, seafloor morphology, and subsurface deposit architecture (Figure

3.7). This diagram provides diagnostic criteria to recognize crescentic bedform deposits

produced by cyclic steps beneath sandy turbidity currents. Deposit architectures can

range between two end-members: (1) regular back-stepping beds that correspond to a

morecomplete preservation, and (2) scour fills containing massive sands that correspond

to less-complete preservation. The preservation potential of these bedforms depends on

both the magnitude of the turbidity currents and net aggradation rates.
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Figure 3.7: Summary schematic of crescentic bedforms formed by supercritical tur-
bidity currents and their depositional architecture. 1— low-density upper part of the
flow; 2—high-density lower part of the flow, with hydraulic jumps due to changing gra-
dient over bedforms; 3—deposition; 4—erosion by active event. Red line corresponds
to the resulting bathymetry after a single flow. Black lines are observations from Figure

3.6a. Gray lines are predictions.

Comparable architectures have been described in many paleo-environments, such as

deltas, submarine channels, and glaciolacustrine settings (e.g. Ponce and Carmona, 2011;

Lang and Winsemann, 2013; Postma et al., 2014; Ventra et al., 2015; Bain and Hubbard,

2016; Dietrich et al., 2016; Lang et al., 2017; Ono and Bjorklund, 2017). For example,

individual 1–2-m-thick and 5–15-m-long scour fills containing massive sandstone have

been observed in multiple outcrops worldwide (Figure 3.6a, Table 3.3) Lang and Win-

semann, 2013; Postma et al., 2014; Bain and Hubbard, 2016; Dietrich et al., 2016; Lang

et al., 2017). These examples also feature back-stepping beds that are 0.5–3.0 m thick

and 10–40 m long (Figure 3.6a,Table 3.3). We infer that these examples formed from

supercritical flows with variable net aggradation rates and magnitude, since they show

both back-stepping beds and scour fills composed of massive deposits. Outcrops char-

acterized exclusively by back-stepping beds that are suggestive of purely aggradational

conditions are rare (e.g. Ponce and Carmona, 2011; Ventra et al., 2015, Table 3.3).

In conclusion, this unique combination of flow monitoring, repeat mapping, and deposit

sampling enables accurate identification of crescentic bedforms and supercritical flow

deposits within proximal submarine channels.
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Table 3.3: Comparison between deposits of this study and examples of outcrop studies
interpreted as sandy supercritical flow deposits
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4.1 Abstract

Burial of terrestrial biospheric organic carbon in marine sediments removes CO2 from the

atmosphere, regulating climate over geologic timescales. Rivers deliver terrestrial organic

carbon to the sea, whilst turbidity currents transport river sediment further offshore.

Previous studies have suggested most organic carbon resides in mud-dominated marine

sediment deposits. However, turbidity currents can carry a significant component of

coarser sediment, which is often assumed to be organic carbon poor. Here, using data

from a Canadian fjord, we show that young woody debris is rapidly buried within the

upper-sand layers of turbidity current deposits (turbidites). These layers have organic
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carbon contents that are 10 times higher than the overlying mud layer and overall,

woody debris makes up >70 % of the organic carbon preserved in the turbidity current

deposits. Burial of woody debris in sand-layers overlain by mud-caps reduces their

exposure to oxygen, thus turbidity currents increase organic carbon burial efficiency.

Sandy turbidity current channels are common and widespread in fjords and the deep sea;

therefore previous global organic carbon burial budgets may have been underestimated.

4.2 Introduction

Burial of terrestrial biospheric particulate organic carbon (POC) in marine sediments

is key to constrain as it represents the second largest sink of atmospheric CO2 after

weathering of silicate minerals (Gaillardet et al., 1999), and thereby contributes to the

long-term regulation of climate (Berner, 1982; Hayes and Waldbauer, 2006). Rivers

transfer terrestrial organic carbon to the marine environment, and contribute up to

about half of the global organic carbon burial flux to the oceans (Galy et al., 2015;

Burdige, 2007). Previous work concerning preservation of terrestrial organic carbon

in oceanic sediments has generally focussed on fine-grained marine mud (e.g. Mayer,

1994). Indeed, organic carbon preferentially binds to fine-grained phyllosilicates which

are characterized by high specific area, thus facilitating terrestrial organic carbon ex-

port and preservation (e.g. Keil et al., 1997). Conversely, coarser-grained marine sands

are thought to play a negligible role in global organic carbon burial (Burdige, 2007).

However, woody debris associated with coarse sands is important for terrestrial organic

carbon budgets in some highly erosive rivers (West et al., 2011; Turowski et al., 2016).

Furthermore, sand often makes up a significant fraction of terrigenous material deliv-

ered to the coast, e.g. sand can be up to 50 % of the total suspended sediment load

during high river discharge (Milliman and Meade, 1983). These coastal sands can be

transported offshore by turbidity currents, which dominate the deposition of sediment

across vast areas of the seabed (Bouma et al., 2012). The importance of coarse woody

debris was recently shown to be important in one of the largest fan worldwide (Bengal

fan, Lee et al., 2019). Despite this, the relative contribution of coarse POC transported

by sandy turbidity currents have compared to fine sediment has not been considered.

In contrast to turbidity currents, river transport of particulate organic carbon (POC)

from land to the coast is relatively well-studied (Galy et al., 2015). POC transported

by rivers typically is a mixture of (Blair and Aller, 2012): 1) young carbon currently

produced by photosynthesis in the biosphere (e.g. plant and woody debris); 2) old

biospheric carbon issued from degraded soil organic matter and; 3) petrogenic carbon, i.e.

ancient (14C free) carbon derived from erosion of rocks. In contrast to biospheric carbon,

the burial of petrogenic carbon recycles carbon between different geologic reservoirs,

and does not affect long-term CO2 levels (Galy, Beyssac, France-Lanord and Eglinton,

2008). It is thus crucial to differentiate between the types of POC, as they have different
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effects on atmospheric CO2 levels. The fluxes of POC mixtures have been constrained

in rivers where the POC composition is controlled by erosion rates and sediment yield

(Galy, France-Lanord and Lartiges, 2008; Hilton et al., 2012; Clark et al., 2013; Turowski

et al., 2013; Galy et al., 2015). However, less in known about the relative fluxes of POC

types beyond the coast; in particular the effect of hydrodynamic sorting of POC by the

turbidity currents.

Turbidity currents form many of the largest sediment accumulations on Earth (Bouma

et al., 2012). Suspended particles (including POC) settle out as turbidity currents

decelerate, resulting in deposits called turbidites (Bouma, 1962). Turbidites are typically

subdivided into a basal massive coarse sand (Ta), overlain by sequence of an upward

fining sand (Tb), followed by cross-laminated sands (Tc), parallel laminated fine sand

(Td) finally draped by amud (Te). While terrestrial organic carbon has been identified

through presently active submarine canyons (e.g. Biscara et al., 2011; Kao et al., 2014;

Stetten et al., 2015), so far, no study has systematically assessed the distribution of

POC types into each unit of recent ( <2 months old) turbidites. The turbidite units in

which each POC type resides affects its burial depth, and hence exposure to oxidants

and final burial efficiency. The distribution of POC mixtures in turbidites is of global

significance, as a single turbidity current can transport more sediment than the annual

suspended sediment flux of the world’s rivers combined (Talling et al., 2007; Hunt et al.,

2013).

For the first time, here we assess, the distribution of three POC types (sand-sized young

biospheric, old biospheric, and petrogenic POC) buried in turbidites that resulted from

a turbidity current monitored in Bute Inlet, Canada. These new results determine the

preservation potential of coarse, young, terrestrial POC in a modern sandy system,

where turbidites are linked to their parent flows initiated from two rivers.

4.3 Results

4.3.1 River and turbidite sampling in Bute Inlet

Bute Inlet is a 80 km long, 4 km wide fjord in British Columbia, Canada (Figure 4.1).

Water depths range between 200 and 650 m. Waters are density-stratified throughout

the year, with very low dissolved oxygen values ( <2 ml/L) in deep water (Pickard and

Giovando, 1960). At the fjord head are two deltas associated with the Homathko River

and the Southgate River, which provide 75 % and 19 % of the freshwater input to the

fjord, respectively (Farrow et al., 1983). The Homathko River has an average annual

sediment load of 4.3 X 106 t/yr (Milliman and Syvitski, 1992). The major source of

sediment for both rivers is glacial till of granitic composition. River discharges are

controlled by the annual melt of glaciers (Prior et al., 1987). Seafloor mapping reveals
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a 50 km long submarine channel which is maintained by turbidity currents during the

freshet (Prior et al., 1987; Bornhold et al., 1994; Conway et al., 2012).

Figure 4.1: a. Bute Inlet location. b. Bute Inlet bathymetry showing the incised
submarine channel starting at the river deltas and terminating 40 km downstream of
the rivers; Example of 1 turbidity current measured by an Acoustic Doppler Current
Profiler suspended 20 m above the seabed; Sediment cores and samples used in this
study. Box cores were collected at the following water depths (from Core 1 to 5): -216

m; -315 m; -478 m; -555 m; -615 m.

To characterize the composition of POC flushed into the fjord, we sampled both rivers

(deltas, river banks, and suspended sediments along river depth profiles, Figure 4.1b).

Samples were analysed for grain size, total organic carbon (TOC) content and carbon
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stable isotopes (δ13C expressed in �). δ13C values are commonly used to characterize

organic matter provenance (e.g. discriminate marine from terrestrial sources, Gaines

et al., 2009). Similar bulk analyses were performed on samples from box cores collected

on the fjord seafloor. Box cores reveal 30-cm-thick turbidites which resulted from tur-

bidity currents that were measured by five Acoustic Doppler Current Profilers (ADCP)

deployed in the fjord from June to October 2016 (Figure 4.1b).

In order to characterize the distribution of multiple OC sources in river sediments and

turbidites, we used the ramped oxidation system (RPO; Hemingway et al., 2017). This

system identifies POC fractions based on thermal lability by heating each sample from

20 °C to 1000 °C in an oxygenated carrier gas, thus sequentially combusting POC into

CO2. The CO2 collected between user-defined temperature intervals (“fractions”) was

measured for carbon stable isotopes and radiocarbon content (expressed as Fraction

modern, Fm) on selected sample (i.e. 2 river samples and samples from Box core 3; ??)

to characterize the distribution of OC source and age. Finally, we used RPO combustion

profiles to calculate the distribution of the energy needed to combust OC (i.e. activation

energy, Ea; Hemingway et al., 2017). Ea is used as a proxy to characterize OC bond-

strength, which reflects the thermal energy required to oxidize each carbon atom when

exposed to a particular reaction pathway (Hemingway et al., 2019).

4.3.2 Organic carbon in rivers and turbidites

Bulk measurements for total carbon and total organic carbon (TOC) content reveal that

all samples from rivers and turbidites contain exclusively organic carbon (i.e. no carbon-

ates; suppl. Figure 4.5), which is consistent with 1) the absence of carbonate rocks in

the Homathko and Southgate river catchments and 2) negligible contributions of marine

productivity to turbidites. We describe below the composition of POC in the rivers, the

propoerties of the turbidity currents flowing down the fjorf and the composition of POC

in the resulting turbidites.

Suspended sediment samples from rivers have relatively elevated TOC (up to 1%) while

sands samples from banks and deltas show lower TOC values (Figure 4.2b; down to

0.01 %) ). River banks and deltas show POC mixtures spanning a higher range of

activation energy and becoming more complex (i.e. containing more CO2 spikes in the

ramped oxidation thermograms, Figure 4.3), compared to the river suspended sediment

samples. Bulk carbon stable isotope compositions are depleted (-28 to −25.5� ) for

all river samples (Figure 4.2a), which is in line with a terrestrial plant origin of POC

(Gaines et al., 2009). Although all sampling occurred in October, the samples cover a

wide range of grain size and environments (banks, suspended load, deltas).
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Figure 4.2: a.Total organic carbon (TOC) content versus carbon stable isotopes ra-
tios (δ13C) for bulk samples displayed in Figure 4.1b. b. Sample grain size (D90 in

micrometers) versus total organic carbon content.

Once those riverine POC mixtures reach the fjord head, they are carried offshore by

turbidity currents (Bornhold et al., 1994). Turbidity currents in Bute Inlet are up to 20

m thick, run out for up to 40 km, last for more than 15 hours and reach velocities of

2.5 m/s (e.g. Figure 4.1b). Difference maps between June and October 2016 reveal that

the 16 measured flows produced areas of net erosion or net deposition of more than 1m

(Figure 4.1b).

We now describe the distribution of POC mixtures found in the turbidites, sampled by

five box cores through those areas of recent deposition. We infer that thes turbidites

were emplaced by the last monitored flow, which was detected by five Acoustic Doppler

Current Profilers on 28th August 2016 (Figure 4.1b). A layer of pebbles at the base of

the turbidites is interpreted as a gravel lag that represents the first sediment deposited

by the turbidity current (Mutti et al., 2003).

Turbidites in the five box cores shows low bulk stable isotope compositions (δ13C =

-31 to −25.5 �), which implies negligible addition of marine organic carbon (Figure

4.2a). The relationship between TOC and grain size in turbidites differs starkly from

that observed in rivers. The turbidite fine sands (Td) show a TOC enrichment (TOC =

2 to 5 %) compared to their riverine counterpart (TOC = 0.5 to 1 %). This enrichment

is due to the presence of woody debris that is visible to the naked eye in the turbidites.

Wood-rich samples show depleted δ13C values (-32 to −28 �), have modern radiocarbon

signatures (Fm >1, based on box core 3), and comprise POC fractions that span low

to mid activation energy (Ea <225 kJ/mol; Figures 4.3, ??). Similarly to the sandy

samples from the rivers, sand units at the turbidite base (Bouma Ta, Tb) show low
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TOC content and span mid to high activation energy (Ea between 150 and 290 kJ/mol;

Figure 4.3). 14C compositions from box core 3 reveal that those coarse sandy samples

are dominated by aged carbon (Fm = 0.65 and 0.73 in Bouma Ta and Tb resp.). Finally,

the turbidite mud cap (Te) has a similar composition to the muddy samples collected in

the suspended sediments from the rivers (TOC = 0.5 to 0.8 %, δ13C = -27.5 to −26.5

�, Ea <210kJ/mol, Figure 4.3). 14C activities reveal that POC found in this mud cap

is older (Fm = 0.92) compared to the underlying silt.

Figure 4.3: Separation of Organic Carbon mixtures by ramped oxidation for river and
turbidite samples (from Box core 3, Figure 4.1b). Black lines: distribution of activation
energy (thermogram). Blue squares: radiocarbon ages (Fraction modern) measured for
each collected fraction. Red dots: carbon stable isotopes (δ13C in�) for each collected

gas fraction. TOC = Total Organic Carbon content for each sample.

4.4 Abundance of woody debris in turbidites

We found three types of organic carbon, which are defined based on δ13C, Ea and 14C

from Box core 3 (Figure 4.4, suppl. Figure 4.7). We note that the ramped oxidation

method does not result in a perfect separation of POC mixtures into highly resolved

peaks representing pure carbon types, hence the following three types correspond to the

major component included in each mixture. First, young biospheric terrestrial carbon

dominates (≥ 90 %) Bouma Td, and corresponds to non-degraded woody debris. Sec-

ond, old biospheric terrestrial carbon is found in all Bouma intervals but in different

proportions. This second type shows Fm values <1, suggesting it results from POC

aging in soils. Third, petrogenic carbon (derived from erosion of rocks) is found in

significant amounts in coarse Bouma intervals Ta and Tb.
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We extrapolated the proportions of those three carbon types to each turbidite divisions

and TOC content of the studied turbidites. We found that a turbidite sequence captures:

(Figure 4.4c): 1) 75 % of non-degraded woody debris mostly associated with fine sand

(Bouma Td); 2) 24 % of aged and altered carbon from soil dominantly found in the fine

mud cap (Bouma Te); 3) 1 % of petrogenic carbon mainly associated with sand (Bouma

Ta,b). Hydrodynamic sorting of particles by turbidity currents thus concentrates wood-

derived young organic carbon in the uppermost layer (Td), which are rapidly buried

under 2-6 cm thick mud units (Te). This is important because the young organic carbon

associated with woody debris is then protected from oxidation by the mud cap that

prevents O2 penetration thus drastically decreasing oxic exposure time, a key driver of

OC degradation in marine sediments (Hartnett et al., 1998; Hemingway et al., 2019).

This protection will depend on the thickness of overlying (Te) mud, which can range

from a few centimetres to tens of meters in other locations globally (e.g. Rothwell et al.,

1998; Sumner et al., 2012).

Figure 4.4: Summary. a. Turbidite sequence with sample location. b. Total organic
carbon content, carbon stable isotopes and radiocarbon ages measured on bulk samples
collected in Bouma units from a. v. Carbon types proportions based on Bouma unit
thickness, TOC content and separation by ramped oxidation (see Figure 4.3 and suppl.

Figure 4.7)

Our results contrast with the general idea that most of the organic matter preserved

in marine sediments is associated with mud, whose inorganic matrix would physically

protect the organic matter from oxidation (Mayer, 1994; Burdige, 2007). Physical pro-

tection is likely to occur in the mud cap described at the top of the studied turbidite

and it is supported by 14C depletion (Fm = 0.92) of the mineral-bound organic matter

present in the mud cap. In contrast, here we show that most ( 75 %) of the organic mat-

ter found in a turbidite sequence is made of young, undegraded woody debris associated

with silt to fine sand sediments protected by the mud cap.

4.5 Discussion

Although our findings relate to the deposit of one turbidity current in a sandy channel,

which is likely to be reworked by successive turbidity currents (Conway et al., 2012;
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Vendettuoli et al., 2019), they provide important insights into the hydrodynamic sorting

of POC by sandy turbidity currents. Constraining such processes in fjords (e.g. Bute

Inlet) is key, as fjords are estimated to account for 11 % of organic carbon burial in marine

sediments globally (Smith et al., 2015). Here we suggest that this budget could have

been underestimated because the sampling locations of the global study did not consider

the seafloor morphology and notably ignored the sandy slopes (as mentioned by Smith

et al., 2015). The sandy turbidity current channel in Bute Inlet has a high sedimentation

rate (>40 mm/year, Table 4.1; Milliman and Syvitski, 1992; Syvitski et al., 1987) but

only covers 16 % of the total fjord area. While this areal proportion seems small, the

sandy channel preserves large quantities of terrestrial undegraded organic matter (up to

5 % TOC) in rapidly deposited thin layers of silt to fine sands (i.e. a few hours, see

Figure 4.1). These young organic carbon-rich fine sands are buried within a turbidite

deposit that has an overall weighted mean of 0.7 % TOC (suppl. Figure 4.7). The

rest of the fjord area (84 %) is made of mud, which potentially includes older and

less abundant TOC (0.5 %, see mud cap in Figure 4.1), with a sedimentation rate of 10

mm/year (Syvitski et al., 1987; Stacey et al., 2019, see Materials and Methods). We thus

estimate that the turbidity current channel buries at least the same amount of organic

carbon as the mud in the remaining fjord area (Table 4.1). Such estimates remain to be

tested for other turbidites in Bute and for other fjords that could be characterised by

different O2 levels, water stratification and seafloor morphology.

Table 4.1: Comparison between sandy channel and fine sediments outside the channel
in terms of total organic carbon (TOC) content, surface area, sedimentation rate and
total organic carbon buried per year. See Materials and methods for sedimentation

rates estimates

Global estimates of carbon fluxes in the ocean (e.g. Burdige, 2007; Blair and Aller, 2012)

currently posit that sandy fractions are free of terrestrial POC. Yet a recent study (Lee

et al., 2019) has found abundant woody debris associated with sand in the Bengal fan

for the last 19My. Other studies have reported the presence of organic-rich layers in
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sandy deep-sea turbidites (Saller et al., 2006; Zavala et al., 2012; Sparkes et al., 2015),

sometimes even within Ta and Tb sands, depending on the organic debris density and

size (McArthur et al., 2016; Schnyder et al., 2017). In order to update the current

global carbon fluxes (Burdige, 2007), the relative abundance of coarse POC (woody

debris) versus fine POC needs to be further investigated. The ramped oxidation method

used in this study provides a mean to quantify this relative abundance.

4.6 Materials and methods

4.6.1 Separation of organic carbon mixtures by ramped oxidation

We used the ramped oxidation method to identify the types and proportions of POC

preserved in the turbidite sequence (Figure 4.3).

Sample preparation

All samples analysed in the ramped oxidation system were acidified by fumigation using

12 mol/L HCL for 72 hours at 60 °C in order to remove any potential carbonates.

General principle

The ramped oxidation method separates different carbon structures based on thermal la-

bility by heating each sample in an oxygenated oven, thus combusting particulate carbon

into CO2 (Rosenheim et al., 2008; Hemingway et al., 2017). CO2 concentrations were

measured by an infrared gas analyser in part per million (ppm). The energy required to

activate combustion was modelled following Hemingway et al. (2017). Resulting ppm

CO2 were plotted against energy of activation (Ea) in a “thermogram”.

Trapping and quantification of gas fractions

The CO2 produced from combustion in the oven was transferred through a vacuum line

to a series of cryogenic traps, and was split between user-defined temperature intervals.

For each sample we collected between 3 and 5 CO2 gas fractions which were then quan-

tified based on pressure measurements and were sealed into pre-combusted pyrex tubes

containing 100mg CuO and 10mg Ag pellets. All sealed tubes were finally combusted

at 525 °C for 1 h in order to remove any trace contaminant gas. The proportion ( %)

of each gas fraction compared to the initial sample was calculated based on the total

amount of CO2 combusted from a given sample.

Isotope measurement

Each sealed fraction was measured for stable carbon isotope ratios (13C/12C) and ra-

diocarbon isotopes ratios (14C / 12C) at the National Ocean Sciences Accelerator Mass
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Spectometry (Woods Hole Oceanographic Institution, USA). Stable carbon isotope ra-

tions are reported in δ13C relative to the Vienna Pee Dee Belemnite and were measured

using an Isotope Ratio Mass Spectrometer as described in McNichol, Osborne, Gagnon,

Fry and Jones (1994). Small splits issued from the ramped oxidation fractions were

graphitized following the established methods of the NOSAMS facility (McNichol, Jones,

Hutton, Gagnon and Key, 1994). Radiocarbon isotopes were then measured on these

fractions and on process blanks using an Accelerator Mass Spectrometer. Radiocarbon

isotopes are expressed as Fraction modern (Fm). Fraction modern is a measurement

of the deviation of the (14C/12C) ratio of a sample from modern. Modern is defined as

95 % of the radiocarbon concentration in 1950 of Oxalic Acid I normalized to δ13C=

−19� .

4.6.2 Identification of organic carbon types and calculation of their

proportions for the turbidite

Below we describe the methods used to identify POC types preserved in the turbidite

sequence and to quantify their relative proportions compared to the overall sequence

(Figure 4.4, suppl. Figure 4.7).

Identification of POC types per sample

We use results of 14C, Ea and δ13C in order to define three types of POC (suppl. Figure

4.7). A gas fraction was defined as:

A. “young biospheric carbon” if (in order of priority):

1. Fm >1, and

2. Ea >200 Kj/mol, and

3. δ13C [-30 to −26� ]

B. “old biospheric carbon” if (in order of priority):

1. Fm ]0 – 1], and

2. Ea <220 Kj/mol, and

3. δ13C [-30 to −26� ]

C. “Petrogenic carbon” if (in order of priority):

1. Fm = 0, and

2. Ea >220 Kj/mol, and

3. δ13C [-30 to −26� ]
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The limit young versus old biospheric carbon was set at 200 kJ/mol because we ran

pure debris of wood into the RPO and they finished the combustion before 200 KJ/mol.

Petrogenic carbon was set at 220 Kj/mol based on the analysis of OC-poor river and

Ta unit sands in turbidites. Our threshold is slightly higher than the one used in

Hemingway et al. 2018 (185 kJ/mol) for petrogenic carbon in Taiwan. This is because

the granitic rocks in our river catchments have lower concentrations and more highly

refractory petrogenic C than the Taiwanese rocks analysed in (Hemingway et al., 2018).

If a gas fraction did not satisfy the three criteria, its expression on the thermogram was

further divided into sub-fractions in order to satisfy the three conditions of one POC

type. For example, fraction 3 of Bouma Tb sample (suppl. Figure 4.7) originally had

a Fm = 0.44 and an Ea that ranged from 150 to 275 Kj/mol. As it satisfies the old

biospheric criteria 1 (Fm ]0 – 1]) but it does not satisfy old biospheric criteria 2 (Ea

<220 Kj/mol), we divided this peak spectrum into sub-fractions F3a (<220 Kj/mol in

green on suppl. Figure 4.7) and F3b (>220 Kj/mol in brown on suppl. Figure 4.7).

Since F3b is radiocarbon free (Fm =0), we recalculated the Fm of F3a by using the

average value of fraction 3 (Fm = 0.44), with a weight corresponding to the area above

220 Kj/mol.

Calculation of a carbon budget for the entire sequence

Once the carbon types proportions were defined for each sample, we estimated a global

budget for the entire turbidite sequence based on: 1) the sedimentary volume of each

Bouma unit compared to the whole sequence; 2) the total organic carbon content for

each Bouma unit (see Table 4.2).

Table 4.2: Values and calculations used to obtain the proportions of organic carbon
types in a turbidite.

4.6.3 Comparison of TOC fluxes between sandy channel and fines out-

side the channel

Surface areas
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The surface areas of the sandy channel/lobe and the rest of the fjord were estimated

in ArcGis based on a bathymetry map acquired in 2008 which covers the whole fjord

(Conway et al., 2012).

Total organic carbon (TOC) content

TOC for the sandy channel corresponds to the weighted average of TOC contained in

each sedimentary unit of the studied turbidite (suppl. Figure 4.7), according to their

relative thickness. We assume the rest of the fjord is covered by fine sediment only as a

broad approximation. Grab samples and sediment cores collected outside of the sandy

channel show that these sediments have mostly similar grain size and TOC content as

the mud cap of the turbidites. Fines outside of the channel are sourced either from

the turbidity current overspills or from slow settling of the river plumes in the proximal

parts of the fjord. Fines related to the turbidity current overspills are inferred to have

a similar organic carbon composition as the mud cap (i.e. mostly old biospheric organic

carbon). However, organic carbon composition in the fines related to slow settling from

the plumes remains unresolved.

Sedimentation rate

Syvistski et al. (1986) provide a range of 1 – 300 mm/year depending on the location

in Bute Inlet. Given this wide range, we further estimated sedimentation rates for the

fines outside the channel and for the sandy channel based on other approaches. First,

we used a value of 1 cm/year as the sedimentation rate for the fines outside the channel,

as estimated on long cores dominated by mud in a distal location of Howe Sound, i.e. a

fjord similar (in terms of sedimentary processes and connection with rivers) and close to

Bute Inlet (Stacey et al., 2019). Second, we used the Homathko River annual sediment

load (4.3 X 106 t/yr, Milliman and Syvitski, 1992) to estimate the amount of sand (with

a density of 1800 kg/m3) delivered to the sandy channel and lobe areas (58 km2). This

conservative approach resulted into a sedimentation rate of 41 mm/year (Table 4.1),

i.e. nearly one order of magnitude lower compared to the maximum value provided by

Syvitski et al., (1985).
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Figure 4.5: Total Organic Carbon (TOC) content versus Total Carbon (TC) content
in turbidite and river samples. TC was measured by a VarioMax Elementar CNS
Macro Elemental Analyzer. TOC was measured by LECO elemental carbon analyzer

after acidification by rinsing with 4mol/L hydrochloric acid.

Figure 4.6: Grain Size distributions for river and turbidite samples displayed in Figure
4.3. Measurements were performed using a Malvern Master sizer 2000 at the National
Oceanography Centre Southampton (UK). %weight corresponds to the relative amount

of particles by mass relative to the total sample.
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Figure 4.7: Identification of organic carbon types included in one turbidite. The
following parameters were taken into account: Turbidite unit volumes, total organic
carbon content per unit, thermograms performed on each unit by ramped oxidation
and radiocarbon and carbon stable isotopes ratios measured for each fraction. Fm =
Fraction modern (age), Ea = Activation of energy in kilojoules per mol (kj/mol), δ13C

= Carbon stable isotope ratio in�
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Figure 4.8: Grain size distributions measured on samples from the 5 box cores dis-
played in Fig. 4.1.
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Figure 4.9: Additional thermograms and isotope data on turbidite and river samples
displayed in Fig. 4.1
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Figure 4.10: Measurements made on each Bouma unit of the turbidite samples from
the 5 box cores displayed in Fig. 4.1. D50 and D90 = median and 90th percentile of
the grain size distribution for each sample. TOC = Total organic carbon content; δ13C

= carbon stable isotope ratios.
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Chapter 5

Conclusions and research

perspectives

The overarching objective of this thesis is to bridge the gap between turbidity current

processes and products using observations of the seafloor and of flows in action. To fulfil

this objective, I used direct measurements of turbidity currents, repeated bathymetric

surveys and samples of the deposits in two fjords in British Columbia: Howe Sound and

Bute Inlet. Three research questions have been addressed:

� Chapter 2: How do extremely dilute river plumes generate turbidity currents?

� Chapter 3: What are the diagnostic deposits of crescentic bedforms formed by super-

critical turbidity currents?

� Chapter 4: How is young terrestrial organic carbon preserved in turbidites?

Sections 5.1., 5.2 and 5.3 aim to answer these questions, discuss future research possi-

bilities, and propose sites where the applicability of the fjord-related findings presented

here can be tested in the deep-sea.

5.1 How do extremely dilute river plumes generate tur-

bidity currents?

It was generally thought that rivers needed to exceed a specific suspended sediment

concentration threshold (e.g. 40 g/L, 1 g/L; Mulder and Syvitski, 1995; Parsons et al.,

2001) to be capable of directly generating turbidity currents at their mouth. Chap-

ter 2 demonstrates that rivers with sediment concentrations well below this threshold

(0.07g/L) can also generate turbidity currents under certain conditions. These condi-

tions are low water srping tide, relatively high river discharge, a turbidity maximum
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being forced out on a steep delta front and the availability of loose-packed fine sedi-

ment on the seabed. These findings are important because they suggest that a much

wider range of the world’s rivers can directly generate turbidity currents than previously

thought. Predicting how and when rivers generate turbidity currents enables us to con-

strain how and where terrestrial particles are transported into the sea. This transport is

particularly relevant given the current levels of ocean pollution (e.g. Pham et al., 2014;

Pierdomenico et al., 2019; Kane and Clare, 2019).

5.1.1 Limitations and future research

Future research on turbidity current generation by dilute rivers should concentrate on

at least two knolwedge gaps. First, there is a need to characterise the loose-packed

sediment layer overlying the seabed that chapter 2 suggests to be one of the conditions

needed for a flow to be triggered. Characterization of this layer is challenging using

acoustic Doppler current profilers (ADCPs) due to their tilted beams which cause inter-

ference with the surrounding seabed morphology close to the bed, thus preventing the

near-bed layer from being imaged properly. An alternative to ADCPs would be to use

acoustic instruments with a vertical and narrow beam. It would be useful to combine

instruments with different frequencies in order to characterize the hypothesized loose-

packed layer, as different frequencies respond differently to different substrate properties

(Thorne et al., 1991; Hurther et al., 2011). Second, the observations used in chapter 2

were collected for five days which do not cover the full range of conditions that char-

acterize the river/submarine system. Collection of river and turbidity current data for

a longer timescale in Squamish would enable our findings to be tested in a statistically

more robust manner.

5.1.2 Test site

The Congo submarine canyon appears to be a particularly relevant site to interrogate

how dilute river plumes could generate turbidity currents that flow into the deep-sea.

Turbidity currents in the Congo canyon have been observed to last for several days

(Azpiroz-Zabala et al., 2017). It was shown that although these flows are linked to

periods of elevated river discharge (Azpiroz-Zabala et al., 2017), their exact initiation

process remains elusive. Similarly to Squamish, the Congo river estuary is characterised

by very low suspended sediment concentrations (<1g/L) and by tides of up to 2 metres

amplitude. However, in contrast to the steep sandy delta studied in Squamish, the

Congo river estuary is mud-rich and characterized by a gentle slope (<1°; Babonneau,

2002). It would thus be interesting to test the role of the Congo river plume and tides

in generating turbidity currents despite the absence of a significant slope in the Congo

canyon.
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5.2 What are the diagnostic deposits of crescentic bed-

forms formed by supercritical turbidity currents?

The question addressed in chapter 4 is timely because there was a discrepancy between

the deposits produced in experimental models (regular back-stepping beds of sediment,

e.g. Kostic, 2011; Cartigny et al., 2014) and the observations described in outcrops in-

terpreted as supercritical flow deposits (irregular lens-shaped beds of massive sands, e.g.

Bain and Hubbard, 2016; Dietrich et al., 2016). Chapter 3 resolves this discrepancy us-

ing a combination of: 1) flow monitoring, 2) repeated seafloor mapping, and 3) sediment

cores in a modern system (Squamish submarine delta). Using these observations from a

modern system, chapter 3 shows that supercritical flow deposits range between two end-

members. One end member corresponds to low preservation by supercritical flows which

results in lens-shaped scours filled with massive sands. The other end member corre-

spond to high preservation by supercritical flows which results in regular back-stepping

beds. Importantly, these results provide diagnostic criteria for recognizing supercritical

flow deposits in the sedimentary record. Such deposits are important to understand as

stacks of turbidite deposits record past fluxes of sediment, organic carbon and nutrients

into the ocean, and additionally these deposits host a significant share of the global oil

and gas resources. Chapter 3 ends with a comparison between the presented results and

a large number of deposits described elsewhere, which suggest that supercritical flows

have been abundant throughout geological time.

5.2.1 Limitations and future research

Future work on recognition of supercritical flow deposits could focus on the micro-scale

facies that characterizes the massive sands. Although the sands described in chapter 3

appear massive and structureless on a visual basis, micro-structures (e.g. flames, fainted

laminae as suggested by Postma et al., 2014) might be revealed based on a more detailed

imagery. This could be achieved on the sediment cores acquired in Squamish using

techniques such as traditional X-rays, magnetic resonance imagery, or impregnation by

lacquer peel which can highlight micro-scale sediment structures (Douillet et al., 2018).

Identifying such structures could help further recognition of supercritical flow deposits,

especially in settings where sediment cores are the only source of information available.

Second, the three dimensional architecture of supercritical flow deposits has not been

fully constrained in chapter 3, as this chapter focused on a single stratigraphic profile

oriented along the channel. It would be useful to provide diagnostic criteria in strike

and oblique oriented profiles in the Squamish submarine channels to help recognition of

supercritical flow deposits in outcrops irrespective of the orientation of the outcrop.
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5.2.2 Test site

I suggest that crescentic bedforms observed in the Monterey canyon could serve as a deep-

sea test site for the here presented fjord results. Sediment cores collected in Monterey

canyon indeed show striking similarities with our deposits (Paull et al., 2011). It would

be interesting to combine these sediment cores from Monterey with a reconstruction of

the architecture based on repeated bathymetrical surveys in order to test whether our

results in Squamish match these deep-sea geometries.

5.3 How is young terrestrial organic carbon preserved in

turbidites?

To answer this question, I combined 1) direct observations of turbidity currents, 2)

sampling of their deposits (including samples into the river sources) and 3) detailed

analysis of the organic carbon composition and age found in those deposits using a

novel ramped oxidation method (Hemingway et al., 2017). Based on this combination

of data, chapter 4 demonstrates that 77 % of the organic carbon buried by turbidity

currents on the seabed of Bute Inlet is made of young organic carbon consisting of woody

debris buried within the fine sands. This contrasts with the current paradigm that most

organic carbon buried in marine sediments is associated with muddy sediments. Chapter

4 thus suggests that global carbon fluxes could have been globally underestimated both

in fjords and oceans. Constraining these coarser grained fluxes is important as burial of

young terrestrial organic carbon removes CO2 from the atmosphere and thus controls

the climate over geological timescales.

5.3.1 Limitations and future research

Future investigation on organic carbon in Bute Inlet can focus on at least three objec-

tives. First, the sedimentary sources could be better constrained. The river samples

used in chapter 4 were collected in October 2017. It would be useful to sample these

rivers again at a different time in the year in order to cover a wider range of river dis-

charge conditions which can impact the organic matter composition. Second, another

unresolved issue is the ratio of organic carbon burial by turbidity currents versus the

organic carbon during background sedimentation outside the turbidity current channel.

This would require detailed characterization of the organic carbon composition found

in the different geomorphological areas of the fjord seabed, i.e. terraces, levees, distal

lobe, flanks. Sedimentation rates would need to be determined in these different areas.

Third, the efficiency of longer-term preservation of organic carbon is still unconstrained.

The sediment cores presented in chapter 4 cover maximum four months of stratigraphic

preservation, based on the repeated bathymetrical surveys carried out in summer 2016.
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Several longer piston cores (up to 8 m long) have also been collected in the distal areas of

the fjord (Fig. A2 in Appendix) and could help address the longer-term burial question.

5.3.2 Test sites

Burial of large woody debris over the last 19 million years has recently been described

in turbidite sands 2000 km offshore from the Ganges River (Lee et al., 2019). This

woody debris has probably been emplaced by similar hydrodynamic sorting processes

as described in chapter 4. It would be interesting to test whether turbidity currents are

still currently active in the Bengal fan, as the Bengal Fan contains 10-20 % of the total

terrestrial organic carbon buried in marine sediments worldwide (Galy et al., 2007).

Furthermore, the longer-term implications of the findings demonstrated in chapter 4

could also be tested in geological outcrops. For instance woody debris was described

in Eocene to Oligocene turbidites in the Gres d’Annot system, SE France (McArthur

et al., 2016) and in the Marnoso-Arenacea Formation, northern Italy (McArthur et al.,

2017). These studies have focussed on burial of woody debris from a hydrocarbon point

of view, but it would be interesting to also investigate the implications of these woody

debris buried in rocks for the global carbon cycle over geological timescales.

5.4 Broader research perspectives on turbidity current pro-

cesses and products

There are still several exciting open research questions on the link between turbidity

current processes and products in general. I will here conclude with four perspectives

that naturally follow up on the science presented in this thesis.

First, despite the recent advent in technologies used to study the seabed, there are still

parts of the turbidity currents that require further technological development to enable

accurate measurements. This is particularly true for the near-bed layer of turbidity

currents (as mentioned in section 5.1). The character of this near-bed layer is key to

constrain not only for understanding the initiation of turbidity currents (chapter 2)

but also for constraining the role of such layer in the formation of crescentic bedforms

(Hughes Clarke, 2016, chapter 3).

Second, this thesis uses two of the very few marine sites from which direct observations

of turbidity currents and their deposits are available. The data form a welcome addition

to the classic data available from the depositional record. However, there is a strong

case to now extend these seafloor observations over a much wider range of sites and

over longer time scales. In the case of Howe Sound and Bute Inlet, the results from the
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modern day seafloor observations could be extended further back in time by collecting

longer sedimentary sequences through vibracoring or drilling.

Third, I suggested that the findings demonstrated in all three chapters in fjords may

also well apply in some deep-sea settings. There is thus an obvious line of investigations

to be conducted in the deep-sea in order to test whether the three scientific findings

demonstrated in this thesis indeed apply to such deeper water settings.

Finally, a natural continuation of this thesis would be to capture the full pathway of a

turbidity current triggered from a river, its interaction with the seabed and its deposits

in a single data set. This would require systematic sampling of the river, sampling in the

flow itself, as well as repeated seafloor mapping and direct coring into the seabed just

after occurrence of the flow. Collection of such a data set would enable us to constrain

sediment and organic carbon fluxes from source to sink in real time. Constraining such

fluxes would help to assess how past fluxes of particles and organic carbon would have

evolved throughout geological times.
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Appendix A

Appendix

The following three appendices aim to provide further detail on:

1) the field campaigns that have enabled acquisition of the data presented in this thesis

(Appendix A1),

2) the general processing for the data acquired by acoustic Doppler current profilers

shown in all three science chapters (Appendix A2),

3) the inversion method used to invert ADCP backscatter into suspended sediment

concentration presented in chapter 2 (Appendix A3).

A.1 Field campaigns

A.1.1 Squamish 2015

This appendix presents the four field campaigns that have enabled acquisition of the

data used in this thesis.

A six-day long monitoring program (funded by NERC grant NE/M007138/1) was car-

ried out by the Sedimentology Research Group of the National Oceanography Centre

Southampton in conjunction with the Ocean Mapping Group from the University of

New Brunswick. This field campaign aimed to characterise turbidity current properties

(e.g. dimensions, velocities, sediment concentration), their initiation mechanisms and

the interaction with the seafloor. Data collection was focused on the central channel

downstream of Squamish Delta. One turbidity current was monitored during the study

period (investigated in chapters 2 and 3). Two research vessels were involved (Figure

A.1).
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Figure A.1: Overview of the field experiment (vessels and instruments deployment)
carried out in Squamish in June 2015

A.1.1.1 Moving vessel Heron

The first vessel repeatedly mapped (i.e. every 12 min) the central channel using a EM

70-100 kHz multibeam system (50 cm of horizontal resolution and 20 cm of vertical res-

olution). This repeated mapping was aimed at detecting any migration of the bedforms

due to turbidity currents initiated from the Squamish Delta. From the same boat was

also deployed a 500 KHz M3 sonar aimed at imaging the water column. Finally, Con-

ductivity Temperature and Depth (CTD) as well as Optical Backscatter (OBS) profilers

were deployed systematically at 15, 30 and 60 meters of water depth in order to charac-

terise the water column composition. The OBS probe was calibrated using suspended

sediment samples in order to derive the suspended sediment concentration in the water

column.

A.1.1.2 Stationary Vessel RV Strickland

The second vessel was moored using four anchors, 100 m downstream of the delta lip at

60 m of water depth. We deployed four acoustic instruments 30 m below the anchored
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vessel to detect turbidity currents. First, a 600 kHz Acoustic Doppler Current Profiler

measured internal velocities of turbidity currents (3.5 sec of time interval and 50 cm

of vertical resolution). The backscatter returned by the four beams of this instrument

provides a proxy for the volume and grain size of sediments suspended in both the

stationay water column and in the turbidity currents (see Appendix A3). Second, a

Chirp sub-bottom profiler operating at low frequencies (1-12 KHz) was aimed at imaging

through turbidity currents in order to characterise the near-bed layer. Third, two 500

KHz echosounders (one looking forward with a 45° angle and one looking downward)

captured images of turbidity currents in plan view and cross sections (time interval =

1sec). These images were combined together as movies which show turbidity currents

in three dimensions (see suppl. Material of chapter 3).

A.1.2 Squamish 2016 (Geological Survey of Canada cruise 2016003PGC)

We collected a set of piston and box cores in June 2016 in the same section of the central

channel as the one investigated in June 2015. These sediment cores were acquired aboard

the Canadian Coast Guard Research Vessel Vector by scientists from the Canadian

Geological Survey and the Sedimentology Research Group of the National Oceanography

Centre Southampton. We logged, scanned (e.g. magnetic susceptibility, density) and

photographed these sediment cores (Figures A.2 to A.9) in the sediment lab of the

Institute of Ocean Sciences in Sidney, Vancouver Island (Canada). I use this set of

sediment cores in chapter 3 to characterise the sediment facies associated with upstream

migrating bedforms and supercritical turbidity currents.
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Figure A.2: Photograph, log and physical properties for piston core 1 collected in
Squamish (Howe Sound) and presented in Chapter 3 (Fig. 3.6)
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Figure A.3: Photograph, log and physical properties for piston core 2 collected in
Squamish (Howe Sound) and presented in Chapter 3 (Fig. 3.6)
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Figure A.4: Photograph, log and physical properties for piston core 3 collected in
Squamish (Howe Sound) and presented in Chapter 3 (Fig. 3.6)
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Figure A.5: Photograph, log and physical properties for piston core 4 collected in
Squamish (Howe Sound) and presented in Chapter 3 (Fig. 3.6)
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Figure A.6: Photograph, log and physical properties for piston core 5 collected in
Squamish (Howe Sound) and presented in Chapter 3 (Fig. 3.6)
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Figure A.7: Photograph, log and physical properties for piston core 6 collected in
Squamish (Howe Sound) and presented in Chapter 3 (Fig. 3.6)
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Figure A.8: Photograph, log and physical properties for piston core 7 collected in
Squamish (Howe Sound) and presented in Chapter 3 (Fig. 3.6)
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Figure A.9: Photographs and logs for box cores 8 and 9 collected in Squamish (Howe
Sound) and presented in Chapter 3 (Fig. 3.6)

A.1.3 Bute Inlet 2016 (Geological Survey of Canada cruise 2016003PGC

and 2016007PGC)

A four-month long monitoring program (funded by NERC grant NE/M017540/1) was

carried out in 2016 by the Sedimentology Research Group of the National Oceanography

Centre Southampton and the Canadian Geological Survey. This program involved two

research cruises (in June and October 2016) which aimed to link turbidity currents, their

impact on the seafloor and the associated deposits across the whole fjord. I use some of

the flow observations and a set of sediment cores taken during the two research cruises

as part of chapter 4 (Figure 4.1).

The first cruise occurred in June 2016 where two vessels were mobilised (Canadian Coast

Guard Ship Vector and Research Vessel Strickland). This mobilisation had three aims.

First, we suspended four 600 kHz and two 300 kHz Acoustic Doppler Current Profilers

at six locations 20 metres above the submarine channel thalweg. These ADCPs were left

in the fjord for 4 months in order to measure turbidity current activity during the freshet

period. Second, we mapped the fjord seafloor using an EM710 70-100 kHz multibeam

echosounder (2 meters of horizontal resolution, <5 % of water depth (m) of vertical
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resolution). Third, we collected 25 sediment cores using a piston coring system, in order

to characterise the sedimentary deposits from the head to the distal lobe of the fjord.

The second cruise occurred in October 2016 aboard the CCGS Vector and had three

aims. First we recovered the six ADCPs deployed in June 2016. More than 15 turbidity

currents were measured by the ADCPs (following the processing described in Appendix

2). Second, we mapped again the fjord seafloor in order to characterise the morpho-

logical evolution resulting from this turbidity current activity. Third, we sampled the

sedimentary deposits left by the turbidity currents. 27 sediment cores were recovered

from the ADCP locations and the adjacent levees using a box coring system as the piston

coring failed at sampling those sandy deposits.

We logged, scanned and photographed all sediment cores (Figures A.10 to A.14) in the

sediment lab of the Institute of Ocean Sciences in Sidney, Vancouver Island (Canada).

All sediment core logs were digitized (Figure ??) and some of them were sampled.

I performed several sets of measurements on some of these sediment samples. First,

they were analysed for grain size using a Malvern Mastersizer 2000 at the National

Oceanography Centre Southampton. Second, they were analysed for organic carbon

(see methods in supplementary material of Chapter 4).

Figure A.10: Photograph, log and physical properties for box core 1 collected in Bute
Inlet and presented in Chapter 4 (Fig. 4.1)
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Figure A.11: Photograph, log and physical properties for box core 2 collected in Bute
Inlet and presented in Chapter 4 (Fig. 4.1)

Figure A.12: Photograph, log and physical properties for box core 3 collected in Bute
Inlet and presented in Chapter 4 (Fig. 4.1)
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Figure A.13: Photograph, log and physical properties for box core 4 collected in Bute
Inlet and presented in Chapter 4 (Fig. 4.1)

Figure A.14: Photograph, log and physical properties for box core 5 collected in Bute
Inlet and presented in Chapter 4 (Fig. 4.1)
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A.1.4 Bute Inlet October 2017 (Geological Survey of Canada cruise

2017005PGC)

A research cruise aboard the CCGS Vector enabled collection of sediment samples in the

Homathko and Southgate rivers in order to characterize the composition of the sediment

flushed into Bute Inlet. We sampled the river banks, the river deltas and the suspended

sediment load through depth profiles (see sample locations in A.15). All samples were

analysed for grain size and organic carbon in order to compare their composition with

the sediment cores collected in the summer of 2016.

Figure A.15: Location maps for samples collected in Homathko and Southgate rivers
in Ocotber 2017 and presented in Chapter 4
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A.2 ADCP processing

A.2.1 General principle

ADCPs use the Doppler effect of sound waves reflected from particles in the water

column to derive water current velocity (Teledyne, 2011). ADCPs contain a number of

transducers (beams) that transmit and receive sound waves at a fixed frequency (Figure

??) . These reflected soundwaves enable derivation of the mean velocity of the particles

at each vertical cell within the beams. The strength of the acoustic waves reflected from

each cell, called echo intensity, can be correlated with suspended sediment concentration

(see Appendix A3) under the assumption of a known and constant gran size. ADCP

instruments can be upward-looking, i.e. settled on the seabed, or downward-looking, i.e.

either mounted on a vessel or anchored in a mooring.

Figure A.16: schematic of an acoutic doppler current profiler (Teledyne, 2011)

All ADCPs used in the context of this thesis contain four downward-looking beams (30

m and 20 m above the seabed in Squamish and Bute Inlet respectively) fixed either from

a vessel (in Squamish) or in a mooring buoy (in Bute). Velocity and echo intensity data

collected by ADCPs in Squamish and Bute Inlet were first visualized into the software

WinADCP. Text files were then exported from WinADCP in order to be imported

into the Matlab software which enables easier data processing and visualisation of large

matrices. The chart below (Figure ??) describes the steps used to process and visualize

raw data from ADCPs based on a series of six matlab scripts written in conjunction

with Maria Azpiroz-Zabala.
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Figure A.17: Processing chart for acoustic doppler current profiler data (Maria
Azpiroz-Zabala and Sophie Hage)

A.2.2 Limitations and corrections

Both Howe Sound and Bute Inlet are characterised by up to 5 m of tidal range (Water

Survey of Canada, 2018), which resulted in the suspended ADCPs floating at variable

distances from the seafloor. These fluctuations can clearly be seen on the seafloor which
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is represented by the highest raw echo intensity (e.g. Figure ??a). A correction was

applied to the ADCP data by adding to each matrix a number of vertical cells equals to

the tidal amplitude at that time (Figure ??b).

Figure A.18: Raw backscatter obtained by a 600 KHz ADCP in Squamish in June
2015. Backscatter is expressed in echo intensity counts a. Raw backscatter from 13th

to 17th June. b. Raw backscatter from 13th to 17th June 2015. c. Zoom into the
15th June 2015 turbidity current (averaged backscatter between four ADCP beams).
d. raw backscatter returned by the 4 ADCP beams during the 15th June turbidity
current. Differential flow arrival time at each beam enables calculation of a front speed.

Another issue with ADCP is that the velocity is based on measurements provided by

the four beams which can be spaced of several meters. For instance, the four beams
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used in the Squamish 2015 deployment were spaced of 25 m on the seafloor as they were

suspended 30 m above the seafloor with a 20° angle between them. The frontal velocity

of the turbidity current monitored in Squamish could thus not be measured because the

flow did not reach each beam at the same time. Difference in arrival time of the flow at

each beam was thus used to derive the frontal flow velocity (Figure ??d).

ADCP performance is further limited by an effect called the side lobe interference, which

occurs in the near-bed zone (Teledyne, 2011). This effect is due to the acoustic beams

having side lobes that reflect from the seafloor before the main beam is reflected. The

area influenced by the side lobe interference depends on the size of the beam and on the

height above the seafloor at which the instrument is deployed. This effect was calculated

for all data sets based on the instrument height and the vertical bin size. For example,

the first meter above the seabed was ignored in the Squamish 2015 dataset.

A.2.3 Sediment concentration inversion

Echo intensity counts were inverted into suspended sediment concentrations for the

Squamish 2015 deployment and are presented in chapter 2. The inversion method used is

based on an implicit approach which involves two unknowns: the sediment concentration

and the attenuation due to the sediment in the water column (Downing et al., 1995;

Moate and Thorne, 2012).

A major assumption in this implicit method is that grain size distribution is uniform

through the water column. Therefore, in order to better account for grain size patterns

I used the implicit inversion separately for the background conditions and the turbidity

current. I used a grain size distribution centred on 40 microns in background conditions

and a grain size distribution centred on 200 microns within the turbidity current. These

values are consistent with suspended sediment samples taken at the same time within

the water column and the turbidity current.

A Matlab script following this method was written in collaboration with Age Vellinga

and Maria Azpiroz-Zabala. Further inputs were provided by Stephen Simmons. The

detailed steps of the inversion are described Appendix A3.
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A.3 Procedure for ADCP implicit inversion into sediment

concentration

The overall process of acoustic inversion is based on an implicit iterative approach and

is governed by equations A1, A2 and A3. M is the sediment concentration (g/L) and

αs is the attenuation due to the sediment in the water. Once the iterative process for

which αn=0= αw reaches a convergent state, a value for M is obtained.

M = {V rmsφr

kskt
}2e4r α (A.1)

α = αs + αw (A.2)

αs =
1

r

∫ r

0
ξ(r)M(r)dr (A.3)

In order to complete this loop, a series of parameters needs to be specified as described

in the following sections.

A.3.1 Raw backscatter to voltage V

Echo counts of the ADCP backscatter are converted into a voltage following (Deines,

1999):

V = 10Kc (E-Er)/10 (A.4)

where:

E is the echo in counts

Er is the noise level, set at a value of 40

Kc is an instrument-specific parameter set at 0.4241

A.3.2 Range to the transceiver r

The distance between the instrument transceiver and the middle of each ADCP bin (cell)

needs to be corrected because the four ADCP beams are slanted at a 20°angle (Figure

??), following:

r =
r1 + n ∗ binsize
cos(20π/180)

(A.5)
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where:

r is the distance eof the middle of each bin to the transceiver

r1 is the mean distance of the first bin to the transceiver

n is the total number of bins

A.3.3 Near-field correction factor φ

The field near the transducer needs to be corrected for non-spherical spreading of the

particles φ, following (Downing et al., 1995):

λ =
c

f
(A.6)

rn =
π ∗ a2t
λ

(A.7)

z =
r

rn
(A.8)

φ =
1 + 1.35z + (2.5z)3.2

1.35z + (2.5z)3.2
(A.9)

where:

λ is the sound wavelength

f is the sound frequency

z is the normalised range dependance

A.3.4 Backscatter properties of sediment Ks

Ks is the backscatter property of the suspended sediment, which is function of sediment

grain-size and distribution.

A.3.4.1 Creation of a normalised frequency distribution of grain size diam-

eter f

A normalised frequency distribution of grain size diameter (f) is computed based on the

D50 and the standard deviation of samples.
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First we need to define the absolute standard deviation DevAbs based on the relative

standard deviation DevRel and the grain size median D50.

DevAbs = DevRel ∗D50 (A.10)

Second, we create Dp i.e. the assigned particle diameter based on the minimum and

maximum grain size:

Dp = dmin + (dmax − dmin) (A.11)

Third, we create a log-normal distribution of grain sizes:

ω =
√
log(DevRel

2 + 1) (A.12)

mo =

√
log(

D50
2

D50
2 +DevAbs

2
) (A.13)

dNd =

√
1

Dp ∗ 2πω
e-log(Dp-mo)2/2ω2

(A.14)

Finally, the normalised frequency distribution of grain size with diameter Dp is created:

f =
dNd∑
dNd

(A.15)

A.3.4.2 Creation of a form function and scattering cross-section for all grain

sizes ffa

Below we compute ffa i.e. the scattering cross-section for all grain sizes (Moate and

Thorne, 2012):

ffa =

∑
(f ∗ a)

∑
(f ∗ a2 ∗ ff2)0.5∑
(f ∗ a3)

(A.16)

where:

a is the grain radius

f is the normalised frequency distribution of grain size
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ff is the form function calculated as follows:

ff =
(1− d1e

x−d2
2

d3 )(1 + d4e
x−d5

2

d6 )(1 + d7e
x−d8

2

d9 )x2

d10 + d11x2
(A.17)

where:

d1 to d11 are specific to each sand mineral esstimated in (Moate and Thorne, 2012)

x =
2π

λ
a (A.18)

A.3.5 Instrument-specific constant Kt

The Kt value is a calibration constant that is specific to each instrument. It is set at

7.7080*105

A.3.6 Attenuation of sound due to water αt

The attenuation of sound due to water αt is computed as follows (Francois and Garrison,

1982):

αw =
A1f1fr

2

f12fr2
+
A2f2fr

2

f22fr2
+A3P 3fr

2 (A.19)

where:

A1 = 1.03 ∗ 10-8 + 2.36 ∗ 10-10T − 5.22 ∗ 10-12T 2 = 1.11 ∗ 10-8 (A.20)

A2 = 5.62 ∗ 10-8 + 7.52 ∗ 10-10T = 5.9 ∗ 10-8 (A.21)

A3 = (55.9− 2.37T + 4.77 ∗ 10-2T 2 − 3.48 ∗ 10-4T 3) ∗ 10-15 = 4.77 ∗ 10-14 (A.22)

f1 = 1.32 ∗ 103(T + 273.1)e
−1700

T+273.1 = 787 (A.23)
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f1 = 1.55 ∗ 107(T + 273.1)e
−3052

T+273.1 = 7.00 ∗ 104 (A.24)

P 2 = 1− 10.3 ∗ 10-4P + 3.7 ∗ 10-7P 2 = 0.82 (A.25)

P 3 = 1− 3.84 ∗ 10-4P + 7.57 ∗ 10-8P 2 = 0.93 (A.26)

where:

T is the water temperature

P is the water pressure

fr is the instrument frequency

A.3.7 Attenuation constant ξ

The attenuation constant ξ needs to be determined in order to obtain αs (see equation

A.3). ξ corresponds to the sum of te viscous absoorption of the sound wave by the

sediment ξviscous and the scatterring ξscatter:

ξ = ξviscous + ξscatter (A.27)

A.3.7.1 calculation of ξviscous

ξviscous is calculated as follows (Urick, 1948):

ξviscous =
∑

[
kα
2ρs
∗ s

s2 + (σ + τ)2
] (A.28)

where:

s =
9

4
(

1

βa
)(1 +

1

βa
) (A.29)
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kα = 0.18 (A.30)

τ =
1

2
+

9

4
(

1

βa
) (A.31)

β =

√
π ∗ fr

1.52 ∗ 10-6
(A.32)

A.3.7.2 calculation of ξscatter

ξscatter is calculated as follows:

ξscatter =
3χ

4αρs
(A.33)

where:

χ =

∑
(f ∗ a)

∑
(f ∗ a2 ∗ xx)∑

(f ∗ a3)
(A.34)

xx =
ρsed ∗ 0.09 ∗ x4

1380 + 560x2 + 150x4
(A.35)

where:

f is the fraction of grain particles

ρ is the sediment density
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Bain, H. and Hubbard, S. M. (2016), ‘Stratigraphic evolution of a long-lived submarine

channel system in the late cretaceous nanaimo group, british columbia, canada’, Sed-

imentary Geology 337, 113–132.

URL: https://doi.org/10.1016/j.sedgeo.2016.03.010

Berner, R. A. (1982), ‘Burial of organic carbon and pyrite sulfur in the modern ocean: its

geochemical and environmental significance.’, American Journal of Science 282, 451–

473.

URL: https://doi.org/10.2475/ajs.282.4.451

Biscara, L., Mulder, T., Martinez, P., Baudin, F., Etcheber, H., Jouanneau, J.-M. and

Garlan, T. (2011), ‘Transport of terrestrial organic matter in the ogooué deep sea
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