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Abstract

Turbidity currents dominate sediment transfer into the deep ocean, and can damage critical seabed
infrastructure. It is commonly inferred that powerful turbidity currents are triggered by major external events,
such as storms, river floods, or earthquakes. However, basic models for turbidity current triggering remain
poorly tested, with few studies accurately recording precise flow timing. Here, we analyse the most detailed
series of measurements yet made of powerful (up to 7.2 ms™) turbidity currents, within Monterey Canyon,

offshore California. During 18-months of instrument deployment, fourteen turbidity currents were directly
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monitored. No consistent triggering mechanism was observed, though flows did cluster around enhanced
seasonal sediment supply. We compare turbidity current timing at Monterey Canyon (a sandy canyon-head fed
by longshore drift) to the only other systems where numerous (>10-100) flows has been measured precisely
via direct monitoring, the Squamish Delta (a sandy fjord-head delta), and the Congo Canyon (connected to the
mud-dominated mouth of the Congo River). A common seasonal pattern emerges, leading to a new model for
preconditioning and triggering of turbidity currents initiating through slope failure in areas of sediment
accumulation, such as canyon heads or river mouths. In this model, rapid or sustained sediment supply alone
can produce elevated pore pressures, which may persist, thereby predisposing slopes to fail. Once
preconditioned, a range of minor external perturbations, such as moderate storm-waves, result in local pore
pressure variation, and thus become effective triggers. Major external triggers are therefore not always a

prerequisite for triggering of powerful turbidity currents.
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1. Introduction

Turbidity currents are one of the most important processes for moving sediment across our planet, dominating
transport from continental shelves to the deep sea, and play a key role in the transport and burial of organic
carbon (Galy et al. 2007) and pollutants (Mordecai et al. 2011). These submarine flows can reach velocities of
up to 20 ms™ (Hsu et al. 2008) and runout for hundreds of kilometres (Piper et al. 1999). Powerful turbidity
currents can break important seafloor infrastructure, such as telecommunication cables that today carry over
95% of transoceanic data traffic (e.g. Heezen & Ewing, 1952; Heezen at al. 1964; Piper et al. 1999; Hsu et al.

2008; Carter et al. 2009; 2012; Gavey et al. 2017; Pope et al. 2017).

Given their role in global sediment transport, and their potential for damaging critical infrastructure, it is
important to understand what controls turbidity current activity. Previous studies commonly infer that turbidity

currents are caused by major external events, such as storms, river floods or major earthquakes (Table 1).



Turbidity current deposits (‘turbidites’) may then provide valuable records of such events that can be extended
beyond historical or instrumental archives (e.g. Mulder et al. 2001; Goldfinger 2011). To interpret the turbidite
record, it is thus important to understand whether turbidity currents can sometimes be triggered without a
major external trigger, and whether the nature or magnitude of trigger can be linked to flow velocity or runout

distance.

This contribution seeks to understand the roles of preconditioning and triggering factors and how these control
turbidity current activity, timing and frequency. Previous work demonstrates multiple mechanisms are capable
of generating turbidity currents (Table 1; Talling, 2014). Mechanisms of initiation vary across different
settings. For example, where submarine canyons have direct fluvial input, plunging of (hyperpycnal) river
floodwater can produce turbidity currents, if the floodwater contains sufficient sediment to be denser than
seawater (label 1 in Fig. 1; Mulder & Syvitski, 1995; Johnson et al. 2001; Khripounoff et al. 2009). Rivers
with lower sediment concentrations generate surface (homopycnal) plumes. Sediment settling from surface
plumes can also generate turbidity currents, including via sediment trapping due to convergent near-bed flow,
and episodic remobilisation on the bed (label 2 in Fig. 1; Hage et al. 2019). Flows can also form via
disintegration of submarine slope failures (label 3; Piper et al. 1999). Initiation through slope failure is
typically a result of preconditioning factors, especially development of high excess pore pressures (e.g.

Masson et al. 2010; Dugan and Sheahan, 2012; Talling et al. 2014). Such excess pore pressures are favoured in

locations where sedimentation is rapid, and pore fluid can be trapped by less permeable layers (Ozener et al.
2009). Short period events that instantaneously initiate the flow are referred to as triggers. These include
earthquake shaking (label 4; Piper et al. 1999; Mountjoy et al. 2018), low tides unloading seabed sediment
(label 5; Hughes Clarke et al. 2014; Clare et al. 2016), and cyclic loading as a result of storm waves or surges
(label 6; Chamberlain, 1964; Puig et al. 2004). Sediment may also be resuspended as shelf sediment plumes
during storms (label 7; Inman et al., 1976; Normandeau et al. 2020), following trawling (Puig et al. 2012) or
due to cascading of dense water (label 8; Canals et al. 2006; Puig et al. 2013). Internal tides (label 9) may also

cause resuspension of sediment, triggering dilute flows (label 10; Martin et al. 2011).



Testing models for how turbidity currents are triggered requires measuring the timing of turbidity currents and
potential triggers with precision. For example, over days to hours, a storm may generate both large wave
heights (causing cyclic loading of the seafloor) at its peak, and river flooding (initiating a plunging
hyperpycnal flow) following its passage (Pope et al. 2017). The precise start time of a turbidity current is
needed to distinguish between these different triggers. Only in rare cases (e.g. Ikehara et al. 2014) can deposits
be dated at sufficiently high resolution to directly isolate such external triggers, therefore more robust
constraints on flow timing are needed. Precise timing can be provided by seafloor cable breaks or direct
monitoring of turbidity currents; however, cable breaks fail to measure weaker events that leave cables intact,
and breakages may not occur at the timing of flow impact. The accuracy of instruments used in direct flow
monitoring, such as Acoustic Doppler current profilers (ADCPs), is a function of data resolution and distance
from source. Previous studies using ADCPs have either collected data at low temporal resolution, or involved
instruments located far away from where flows originate. Moreover, monitoring instruments were typically
deployed for a few months, missing parts of annual or longer cycles. This ensures that the controls on turbidity

currents activity remain poorly tested (Table 1).

Here, we analyse the most detailed measurements yet of oceanic turbidity currents (Paull et al. 2018). Data
were collected during the 18-month-long Coordinated Canyon Experiment (CCE) in Monterey Canyon,
offshore California (Fig. 2). No previous direct monitoring has deployed such a dense network of novel
equipment to record high-resolution measurements of turbidity currents at multiple locations along their path.
The longevity of the monitoring period also allows investigation of seasonal patterns in turbidity current
activity. Our aim is to understand the roles of preconditioning and triggering mechanisms on the timing of
turbidity currents. We address the following specific aims. First, using the uniquely detailed CCE flow
monitoring dataset, how do turbidity currents initiate in Monterey Canyon? Then, how are these flows related
to major external events, and what is the control on turbidity current activity in Monterey Canyon? Finally, we
then we compare results across different settings, scales and grain sizes of turbidity current systems to propose
a new model for preconditioning and flow triggering which can be tested by future studies. We conclude by

discussing the wider implications of this new model for offshore geohazard assessments.



2. Background

Monterey Canyon is located offshore California on the tectonically active North American-Pacific Plate
Boundary (Greene, 1990). The head of Monterey Canyon lies within 100 m of the coast and extends over 300
km offshore to water depths in excess of 4,000 m (Fig. 2; Smith et al. 2005). The Salinas, Pajaro and San
Lorenzo Rivers flow into Monterey Bay (Fig. 2). The Pajaro and San Lorenzo Rivers are detached from the
head of Monterey Canyon, providing minor direct sediment input. The Salinas River is engineered to enter
Monterey Canyon directly under low flow conditions, and discharges ~130,000 m’yr" of suspended sand.
However, the majority of sediment transport occurs during elevated river discharge (Gray et al. 2015). As a
result, 95% of Salinas River sediment discharge enters Monterey Bay 6.7 km to the south of the canyon head
(Watson et al. 2003; Casagrande and Watson, 2003). Sediment from the Salinas, Pajaro and San Lorenzo
Rivers instead feeds littoral cells entering Monterey Canyon through longshore drift (Farnsworth & Warrick,
2007). The Santa Cruz cell provides >200,000 m*yr" (Fig. 2; Eittreim et al. 2002) of sand, with an additional
300,000-800,000 m*yr! of sand from the South Monterey Bay cell (Fig. 2; Willis & Griggs, 2003; Thomton,
2016). Sediment transport is highest during the winter, as the most energetic waves approach from the

north-west, diminishing during summer when swells from the south prevail (Patsch & Griggs, 2006).

Direct monitoring and deposit analysis show sediment is primarily transported down-canyon by frequent
turbidity currents. Multiple turbidity currents each year runout through the upper 52 km of the canyon, from
300 m to 1850 m water depth (Paull et al. 2003; 2005; 2010; 2018; Xu et al. 2004). Longer runout flows are
much less frequent, with flows only reaching a water depth of ~2800-3500 m every 150-200 years (Stevens et
al. 2014). Strong (20-80 cm.s") internal tidal flows also transport fine-grained sediment between turbidity

current events (Maier et al. 2019).

Several possible triggering mechanisms have been proposed for turbidity currents monitored in Monterey
Canyon. Johnson et al. (2001) detected four muddy turbid-water underflows over a 12-year period using a
conductivity, temperature and depth (CTD) probe and transmissometer located 7 km from the head of
Monterey Canyon. These underflow events correlated with peak discharge of the Salinas River (Fig. 2) and

were interpreted as hyperpycnal flows. Turbidity current activity was also determined from the down-canyon
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movement of 1,000 kg instrument frames in the canyon axis (Paull et al. 2003; 2010). Four transport events
occurred in a 16-month period in 2001-2002, with six further events recorded during a 26-month period in
2007-2009. Some events occurred during periods of large surface waves, but others coincided with only
moderate sea conditions. In December 2002, Xu et al. (2004) detected two turbidity currents using ADCPs,
with durations of 6 hours. These turbidity currents corresponded to the highest sea swells observed during a
yearlong deployment. However, this same experiment detected two other flows with similar velocities in
March and November 2003, which did not coincide with storms, or earthquakes or floods. The relative
importance of external triggering mechanisms, and the nature of the resultant turbidity currents, therefore

remains poorly understood due to the limited number of events monitored.

3. Data and Methods

3.1. The Coordinated Canyon Experiment

Here we report results from the Coordinated Canyon Experiment that included an array of moorings (labelled
MSO0 to MS7 in Fig. 2) and other instruments, deployed during an 18-month period from October 2015 to
April 2017. Instruments were placed within the upper 52 km of Monterey Canyon in water depths of up to
1,850 m (Fig. 2; Paull et al., 2018). Moorings MS1-to-MS5 and MS7 each held a downward-looking 300 kHz
ADCP located ~65 m above the seafloor. ADCPs measured profiles of water column velocity and backscatter
(proxy for suspended sediment) at 1 m vertical intervals at 30-second resolution. No ADCP measurements
were made at MS1 from 15" January 2016 until redeployment on 1% April 2016, as the MS1 mooring broke
loose during a powerful turbidity current (Paull et al. 2018). The ADCP at MS4 failed between April-October
2016. Moorings MS1-3 and MSS5 included temperature and pressure sensors to record water depth. A wave
height and direction sensor (MS0) was moored outside the canyon to record surface ocean conditions. Small
boulder-sized packages with inertial navigation sensors (benthic event detectors, BEDs) were deployed in the

upper canyon to measure movement within turbidity currents (Paull et al. 2018).

3.2 Turbidity Current Timing and Runout



A turbidity current is defined here as an event which results in an abrupt increase in ADCP backscatter and
down-canyon velocity. The arrival of a turbidity current at each mooring was also accompanied by an increase
in pressure as the mooring is tilted towards the seabed. Movement of the mooring during an event separates
turbidity currents from powerful internal tides, which can also show sudden increase in ADCP backscatter and
(up and down-canyon) velocity. Minimum flow runout is calculated through successive detection at moorings
along the canyon thalweg. The movement of BEDs within the channel axis were used to calculate the
initiation time of turbidity currents in the 77 days during which mooring MS1 was out of the canyon. During
that time, the sequential movement of BEDs in the upper canyon is interpreted as recording a turbidity current

(Paull et al., 2018).

3.3. Measuring Potential Triggering Mechanisms

We analyse the role of the following variables in triggering turbidity currents: earthquakes, wave energy and
direction, storm surges, river discharge, and surface and internal tides (10 m above bed). The timing and
magnitude of earthquakes are from U.S. Geological Survey (USGS) Earthquake Hazards Program

(https://earthquake.usgs.gov/earthquakes/search). Wave height, period and direction, and sea surface height

are recorded at MSO every two hours. Here we calculate an indication of wave energy as,

Wave Energy = %ngzL,

Where p is water density, g is acceleration by gravity. H refers to significant wave height and L is mean
wavelength derived from wave period through the wave dispersion relation (Dean & Dalrymple, 1991)
recorded at MSO0. The longshore component of wave energy is directly proportional to the longshore transport
rate of sand (Komar & Inman, 1970). Internal tide signals are obtained from mooring data at MS1 with
30-second resolution. Data were binned and averaged over 10-minute intervals, with measurements related to
turbidity currents removed. The bin prior to turbidity current detection was taken as the conditions during the
event. Hourly air pressure measurements at National Oceanic and Atmospheric Administration (NOAA)

Station 46092 (https://www.ndbc.noaa.gov/) provide an indication of potential storm surges. USGS stream

gauges 11152500, 1159000 and 11161000 provide daily average discharge for the Salinas, Pajaro and San
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Lorenzo rivers (Fig. 2; https://waterdata.usgs.gov/nwis/rt). Suspended sediment concentrations were estimated

for the Salinas, Pajaro and San Lorenzo rivers using established rating curves (Johnson et al. 2001).

The time of turbidity current detection at MS1 (or initial BED transport) is taken as the point of flow initiation
for comparison to potential triggering variables. As a result, there is some uncertainty in the exact timing of
flow initiation. Most flows were first detected at MS1 (~300 m water depth), therefore flows may have
originated anywhere between MSI and the canyon head. Assuming turbidity current velocity is >2 ms™
following initiation to detection at MS1 (or shallowest BED), the transit time from any point in the canyon
head will be <1 hour and therefore above the resolution of wave energy and direction, storm surges, river
discharge, and surface tide measurements. Greater uncertainty arises when comparing event initiation to

internal tide velocity.

3.4. Statistical Comparison of Triggering Variables

The following criteria are used to analyse variation between event and non-event conditions to assess the
influence of individual triggers throughout the CCE. We calculate the difference between medians (DBM) as a
percentage of overall visual spread (OVS), where OVS is the range from the lowest to highest interquartile
(25™ and 75™ percentile) range (e.g. Rao and Liu, 2017). The number of events in this study (N=14) is
insufficient for complex statistical analysis; however, calculating DMB as a percentage of OVS provides a
quantification of distribution offset between event and non-event conditions for each of the hypothesised

explanatory variables.

3.5. Comparative Datasets from River-Fed Systems

We compare our results from Monterey Canyon with previously published observations from two other
well-monitored submarine systems for which we provide further details in Supplementary Table S1. As far as
we are aware, these are the only other sites where the timing of numerous turbidity currents (>10-100) have
been measured precisely via direct monitoring. However, in each case the duration of direct monitoring is <18

months, such that more infrequent events may not be well captured.
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The first location is Squamish Delta in Howe Sound, British Columbia, which is fed by a sand-dominated and
relatively small (200-1,000 m®s™") discharge river. At this location, 106 turbidity currents were recorded in
2011 from repeat seafloor surveys and ADCP measurements (Hughes Clarke et al. 2014; Clare et al. 2016).
The second location is the upper mud-dominated Congo Canyon, offshore West Africa. This system is fed by
the Congo River, the second largest (40,000-60,000 m’s™) discharge river on Earth (Milliman and Meade,
1983). The timing of turbidity currents in the Congo Canyon was measured using two methods. Especially
powerful flows were recorded by cable breaks between 1893 and 1932 (N=23), close to the coast (Heezen et
al. 1964). ADCP moorings at sites ~150 km from the coast record sufficiently long runout flows (N=10;
Azpiroz-Zabala et al., 2017; Simmons et al. 2020). Data from these two comparative sites allow us to compare
patterns of flow timing in diverse physiographic settings with different sediment delivery mechanisms and

grain sizes.

4. Results

4.1. Source, Number and Character of Events in Monterey Canyon

During the 18-month monitoring period, fourteen flows initiated in upper Monterey Canyon in water depths of
<300 m (Fig. 3A). Eleven turbidity currents were detected using MS1 and three based on movement of BEDs.
Turbidity currents detected during the CCE have frontal (transit) velocities of up to 7.2 ms™. Three flows ran

out through the entire instrument array, for at least 52 km along the canyon thalweg (Paull et al., 2018).

4.2. Correlating Environmental Variables with Turbidity Current Timing in Monterey Canyon

We now consider the relationships between the 14 turbidity currents that initiated in upper Monterey Canyon,
and factors that may have triggered the flows. We first determine the potential triggering mechanisms (Fig. 1)
that occurred during the period of instrument deployment in Monterey Canyon. Of the triggering mechanisms

present we analyse how each correlates to turbidity current timing.

4.2.1. Earthquakes
Several small earthquakes, with magnitudes of up to 4.2 My, and epicentres within 100 km of the canyon

head, were detected during the CCE. However, these earthquakes did not coincide with any turbidity currents



(Fig. 3A). Therefore, small earthquakes did not trigger any flows in Monterey Canyon during the deployment

period.

4.2.2. Storms — Large Waves and Storm Surges

A storm is defined as a period of large, high-energy waves, low air pressures and strong winds. The compound
effect of these factors may also result in a storm surge. Wave energy and air pressure (+42% and -34%
DBM/OVS respectively; Table 2) were the triggering variables with the largest offset between event and
background conditions. Only 35% of turbidity currents occur when wave energy was below the 70™ percentile
of its annual range (Figs. 3C, S1). The five largest depressions in air pressure also all correspond to times of
turbidity current activity (Figs. 3D, S1). However, not all periods of high wave energy and significant wave
height correspond to a turbidity current. Periods with some of the highest wave energy (up to 4.2x10° Jm™),
significant wave heights and periods (up to 6 m and 13 seconds; Fig. S2) did not include any turbidity current
activity (Figs. 3C, S1). Similarly, not all turbidity currents occurred during depressions (Fig. 3D). Turbidity
currents were typically detected at the onset of storms, when wave energy starts increasing rather than at
individual peaks (Fig. 4). Wave direction measured at MS0O was almost exclusively from the north-west during
the CCE, even during summer. Two turbidity currents were detected on rare days of south-west approaching

storm waves (Fig. 3B).

4.2.3. River Floods

The combined discharge from the Salinas, Pajaro and San Lorenzo Rivers remained below 10 m’s™ for 80% of
the deployment period. In fact, six turbidity currents were detected during a period when the combined river
flow was <3 m’s? (Figs. 3E, S1). There is a trend to higher combined discharge during events (+12%
DBM/OVS; Table 2), but this is skewed by the elevated discharge during January-February 2017. During this
period the Salinas, Pajaro and San Lorenzo discharge is the highest observed during the CCE with an
abnormal transition from being almost completely dry to moderate discharge (Figs. 3E, S1). However, the
Salinas River shows no change in median value between events and background conditions (Table 2).
Elevated river discharges also correlated strongly with storms that caused greater wave energy, or larger wave

heights. Turbidity current timing usually preceded peak river flooding. This is most visible when compared to
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Salinas River discharge. Here, seven events occur within a five-day window of discharge elevation, yet only

three turbidity currents are preceded by any substantial river discharge (Figs. 3, 4, S1).

4.2.4. Sea Surface and Internal Tides

Sea surface water level conditions during events show a minor trend to high waters (+17% DBM/OVS; Table
2). However, turbidity currents are detected at all stages in the tidal cycle (Figs. 3F, S1). Measurements of
internal tide velocities were recorded for 11 events, and seven of these coincide with down-canyon flowing
internal tides immediately preceding the event (Figs. 3G, S1). The distribution of internal tide velocity
concurrent with turbidity currents, however, shows almost no variation (3% DBM/OVS; Table 2) with

measurements throughout the CCE.

4.3. Clustering of Turbidity Current Activity in Monterey Canyon

Increases in wave energy and decreases in air pressure during storms display the greatest offset in event to
background measurements. However, changes in these variables are not robust predictors of turbidity current
activity. What is clear, however, is that turbidity currents are most frequent during the winter months (13 of 14
events; shaded region Fig. 3). Throughout the winter, wave energy (a proxy for sediment supply to the canyon
head) is also highest. Using the DBM/OVS method, wave energy during 2016 shows a 47% increase during

November-March from April-October.

The cumulative wave energy between events (black circles; Fig. 3C) is consistent, with each of the 13 events
triggered during the winter occurring within an order of magnitude (mean 9.8x10° Jm™, standard deviation
4.7x10° Jm?). The single event initiating outside the winter (1* September 2016) occurred after cumulative

wave energy of 3.9x107 Jm, which is four times higher than the mean value between winter events.

5. Discussion

This section now discusses how preconditioning and triggering mechanisms relate to turbidity current activity.
First, how flows initiate in Monterey Canyon. Then, we assess the role of antecedent conditions prior to events

recorded during the CCE, i.e. preconditioning factors, and how these are linked to turbidity current timing and
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triggering. Finally, we compare results from Monterey Canyon to directly monitored turbidity currents in other

systems, and propose a model for the preconditioning and triggering of flows.

5.1. How do Turbidity Currents Initiate in Monterey Canyon?

Initiation of the observed turbidity currents by plunging (hyperpycnal) river floods, or relating to surface
plumes is inconsistent with data from Monterey Canyon. During our study period, the nearby rivers did not
exceed the water discharge threshold of 300 m’s (Fig. 3E) predicted to generate hyperpycnal flow (Johnson et
al. 2001). Moreover, the long distance from the canyon head to the mouths of the Pajaro (5 km) and San
Lorenzo Rivers (26 km) does not favour initiation through sediment settling from river plumes (e.g. Parsons et
al. 2001), and sediment would likely be dispersed by along-shelf currents (Rosenberger et al. 2016) and waves
before settling in the canyon head. Additionally, it is improbable that the turbidity maximum will reach the
canyon head 100 m offshore, therefore tidally controlled flow initiation (Hage et al. 2019) is unlikely to apply

here. Thus, variations in river discharge are unlikely triggers for the observed turbidity currents.

The head rim of Monterey Canyon progrades and fails on a sub-annual cycle, with an estimated 140,000 m’ of
sediment evacuated annually from the rim of the canyon head and re-deposited locally along the canyon axis
(Smith et al. 2005; 2007). Repeat mapping by Smith et al. (2005; 2007) showed a minimum (i.e. Vendettuoli
et al. 2019) sediment volume of ~260,000 m* accumulated over six months (September 2002 to March 2003).
This included a sediment wedge (~70,000 m®) located near the Moss Landing Harbour mouth resulting in 10
m seaward propagation and >2 m aggradation of the canyon head-rim. This sediment wedge then failed
between September 2003 and September 2004, when a total of 230,000 m® of sediment was evacuated. This
period of sediment loss coincided with a turbidity current recorded using ADCPs at 1450 m water depth in
November 2003 (Xu et al. 2004). It is likely that some or all of this reported sediment loss in the canyon head
is the source of this monitored turbidity current. Therefore, it is conceivable that other turbidity currents, such
as those observed during the CCE, are related to the disintegration of sediment failures along the rim of the

canyon head.

5.2. What Preconditions and Triggers Slope Failure in Monterey Canyon?
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During our study period no single obvious triggering mechanism was observed to cause flow initiation at
Monterey Canyon. Turbidity currents during the CCE did not coincide with earthquakes, though it is
important to note that all earthquakes that occurred during instrument deployment were of small (4.2 My)
magnitude. Our observations show that higher wave energy (+42% DBM/OVS) and lower air pressure (-34%
DBM/OVS; Fig. 3; Table 2) increase the likelihood of turbidity currents. However, the most energetic waves
during our study, and previous Monterey Canyon monitoring (e.g. Paull et al. 2003; Xu et al. 2004), did not
always generate turbidity currents. Moreover, some turbidity currents initiated during periods of only
moderate wave energy (Figs. 3, 4). Increased discharge of the Salinas River also shows no significant
correlation with turbidity currents (Table 2). Additionally, the three turbidity currents that coincided with
Salinas River discharge >1 m’s™, all preceded peak river discharge (Fig. 4). Turbidity current initiation at all
points of sea surface and internal tides (Fig. 3) show that tides are also not a consistent triggering mechanism

during the CCE.

A seasonality in turbidity current activity is apparent though, with flows clustering during the winter (13 of 14
events; shaded region Fig. 3). Throughout the winter sediment supply to littoral cells from rivers is elevated
(Fig. 3E) and more energetic waves then result in increased longshore transport (Fig. 3C), thereby trapping
and depositing sediment within the canyon head (Smith et al 2005; 2007). The volume of sediment entering
the canyon head can be estimated using wave energy as a proxy for littoral sand transport (Komar & Inman,
1970). Notably consistent values of cumulative wave energy are observed between these winter turbidity
currents (Fig. 3C), suggesting a similar volume of sediment enters the canyon head between events. Such
consistent cumulative sediment volumes cannot be reproduced by randomly generating the timing of turbidity

currents throughout the monitoring period (Fig. S3).

The increased rate of sediment supply and accumulation in head of Monterey Canyon during the winter
favours turbidity current activity. Submarine slope failures have been linked to periods of enhanced sediment
deposition and failure from either slope over-steepening and retrogressive failure known as ‘breaching’ (Van
den Berg et al. 2002; Mastbergen & Van den Berg, 2003) or the development of high excess pore pressures

and liquefaction (e.g. Christian et al. 1997; Flemings et al. 2008). Both failure mechanisms are capable of
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producing turbidity currents, however breaching usually produces more sustained flows (Mastbergen & Van

den Berg, 2003) than those observed during the CCE (Paull et al. 2018).

Direct measurements of pore pressure were not made during the CCE, or in any other sand-rich submarine
canyon to date. However, we propose that rapid accumulation of sediment along the head-rim of Monterey
Canyon during the winter led to elevated pore pressures, thereby preconditioning failure. Excess pore
pressures arise where pore fluid cannot dissipate quickly enough due to low permeability along drainage

paths, which in turn undermines the shear strength and slope stability. Rapid deposition and thicker volumes
of sediment therefore favour slope failure (e.g. Dugan and Sheahan, 2012). We note that development of

excess pore pressures can also depend on factors other than the total sediment volume supplied. The
time-scale over which excess pore pressures are sustained (therefore the period a slope remains
preconditioned) or dissipate is controlled strongly by the sediment grain-sizes and hydraulic conductivity.
Consolidation coefficients (c,) vary over multiple orders of magnitude depending on small changes in
fine-mud fraction, as well as density changes between granular layers of equivalent grain size (Major and
Iverson, 1999; Iverson, 2005; Ozener et al. 2009; Fig. 5). For instance, an additional loading of 10 m sediment
thickness will require weeks for pore pressures to dissipate in clean sandy systems (e.g. ¢,~10*). However,
excess pore pressures may persist for several months when mud is added (¢, =107), or last for several years in
a muddy delta system (c,~10° Fig. 5; Bennett & Faris, 1979), and may be exacerbated by other effects such
as tidal loading-unloading cycles (Christian et al. 1997) or where a hydraulic link exists between onshore and
offshore aquifers (e.g. Stegmann et al., 2011). The presence of organic material (that may degrade to release
biogenic gases) can also result in elevated pore fluid pressures (e.g. Christian et al. 1997). Deposition of
organic debris including macroalgae occurs throughout the year in Monterey Canyon, becoming most
abundant during spring/summer (Okey, 1997; Harrold et al. 1998). While this is the period when turbidity
currents are least frequent in Monterey Canyon (Fig. 3), degradation of that organic debris will take months
(de Bettignies et al. 2020). Thus, there is a balance between build-up of excess pore pressure during periods of
more rapid sediment supply, gradual pore pressure dissipation between pulses of storm induced sediment
input, and other influences on subsurface pore pressures such as biogenic gas formation. The exact location of

sediment deposition is also unknown as we lack repeat seabed surveys over short enough timescales, including
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along the canyon head-rim; time-lapse surveys from Autonomous Underwater Vehicles were undertaken along

the canyon axial channel during the CCE, but only every ~6 months (Paull et al. 2018).

Only one turbidity current initiated outside the winter months (1* September 2016) when average littoral
transport rates to the head of Monterey Canyon were lower (Fig. 3C). The event was initially relatively weak
(velocity of 3 ms' and <10 m thick), but the flow became much more prolonged and faster mid-canyon.
Between MS3 and MS5 (Fig. 2) the turbidity current thickened to >20 m and accelerated to >4 ms™ before
running out through the entire CCE instrument array (Heerema et al. 2020). Similar to turbidity currents
initiating in the winter, no exceptional external mechanism is apparent during, or immediately preceding, this
anomalous event (Fig. 3). However, this flow did occur following the greatest cumulative build-up in wave
energy of all recorded events, over four times higher than the mean between winter turbidity currents (Fig.
3C). This represents the highest volume of estimated sediment accumulation in the canyon head prior to
turbidity current initiating during the CCE. Such large volumes of sediment are capable of generating excess
pore pressures. The rate of pore pressure dissipation is also likely reduced outside the winter through
densification and the deposition of a surficial mud layer (Paull et al. 2013; Heerema et al. 2020) resulting in

vertical sediment heterogeneity (Ozener et al. 2009).

In the absence of a consistent external variable correlating with the timing of flows, turbidity current activity
during the CCE is better related to preconditioning factors, rather than an individual instantaneous trigger. We
propose a window of enhanced turbidity current activity is set up during the winter storm season, following an
increased rate of sediment supply to the head of Monterey Canyon (shaded region Fig. 3). Here rapid sediment
deposition generates excess pore fluid pressures preconditioning slope failure. Where excess pore pressures
cannot fully dissipate, the canyon head can remain preconditioned for several days or weeks. As such it is
possible for delays to exist from initial peaks of sediment input and the timing of a turbidity current.
Diminished sediment transport rates outside the winter reduces the build-up of pore pressures, therefore
periods where the slope is preconditioned are rarer. However, sufficiently large volumes of sediment
deposition (as observed prior to the 1* September 2016 event) can still generate excess pore pressures to

precondition failure outside the window of enhanced turbidity current frequency. In both cases, once the slope
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is preconditioned a large external triggering mechanism is not a requirement for turbidity current initiation.
Rather minor perturbations in antecedent conditions, most likely local pore pressure variation as a result of

wave loading, are capable of triggering failure.

5.3. A Common Pattern of Seasonal Increases in Turbidity Current Activity

A common pattern of seasonal increases in turbidity current activity emerges in systems where numerous
(>10-100) flows have been precisely measured through direct monitoring. Turbidity currents in Monterey
Canyon (a sandy canyon-head system fed by littoral drift), the Squamish Delta (a sandy river-fed fjord-delta)
and the Congo Canyon (a muddy system fed by an exceptionally large river) are all most frequent when

sediment supply is highest, regardless of setting, grain size or delivery mechanism (Fig. 6).

In sand-rich littoral-fed canyons, such as Monterey Canyon and other systems along the Californian Margin
(Inman et al. 1976; Paull et al. 2003; 2010; 2018; Xu et al. 2004; 2010; Puig et al. 2004), Nazaré Canyon,
offshore Portugal (Martin et al. 2011) and canyons in the Gulf of Lions, Mediterranean (Canels et al. 2006),
turbidity current activity is focussed in the winter storm seasons, where sediment transport to canyon heads is

highest. Turbidity currents still occur outside this period, but are much less common (Fig. 6a).

Systems where rivers directly supply sediment are most active during periods of elevated river discharge. For
example, turbidity current activity is strongly seasonal at Squamish Delta, with intense activity switching on
during periods when river discharge exceeds ~ 300 m’s™ (Fig. 6b; Hughes Clarke et al. 2014; Clare et al.
2016). Here single monitoring campaigns have recorded >100 individual flows, which primarily occur within
the spring/summer freshet season when glacial melting increases river discharge for ~4 months (Fig. 6b).
Turbidity currents rarely correlate with peaks in river discharge. Instead ~25% of flows initiate through slope
failure following hours to days delays after rapid deposition on the delta-top, typically at low tide. The
remainder of turbidity currents are linked to settling of surface plumes (Clare et al. 2016; Hizzett et al. 2018;
Hage et al., 2019). Historical cable breakages related to turbidity currents offshore from the mouths of the
Congo and Magdalena Rivers and within the Gulf of Corinth are also most frequent during periods of elevated
river discharge (Heezen et al. 1964; 1966). However, in very large river systems with complex catchments,

turbidity currents may show less clustering. For example, the Congo River hydrograph comprises of two
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broad discharge peaks where turbidity current activity is increased (Fig. 6c; Heezen et al. 1964;

Azpiroz-Zabala et al. 2017; Simmons et al. 2020).

5.4. New Model for Preconditioning and Triggering of Turbidity Currents via Slope Failure

We combine insights from Monterey Canyon and these other field sites (Fig. 6) into a generalised model for
turbidity current activity in areas of sustained sediment accumulation, such as canyon-heads or river mouths.
The model assumes that initiation occurs via slope failure, and it is thus not applicable where turbidity
currents are triggered primarily in other ways, including hyperpycnal or surface river plumes (Fig. 1). The
model explains why some flows do not coincide with major external triggers, or variable time delays occur
between flows and those major external triggers, as well as seasonal increases in flow activity that follow
fluctuations in sediment supply. It is hoped that future work can then test the model more rigorously, including
its basic assumptions regarding triggering via slope failure, and persistence of excess pore pressures long after
peak sedimentation rates. Unfortunately, at present, there are no suitable time series of excess pore pressure

available for such a purpose.

In this model, rapid or sustained sediment deposition causes elevated excess pore pressure in the subsurface.
Pore pressures can be further elevated when links exist between onshore and offshore aquifers (e.g. Stegmann
et al. 2011), tidal loading-unloading cycles or the presence of organic matter (Christian et al. 1997). The
generation of these excess pore pressures precondition slopes such that they are close to failure (Fig. 7a).
Here, small final perturbations can thus trigger slope failure and a subsequent turbidity current (Fig. 7b). For
example, this may arise from further changes in the pore pressure regime due to cyclic wave loading, tidal
variations, elevated bed shear stresses arising from dense water cascading and internal tides or a combination
of these factors (Fig. 1). Large sediment accumulations in the system head and upper reaches may also be
entrained within a flow, whereby an initial relatively small event may ignite into a much greater volume, and
longer run-out flow (e.g. Piper & Savoye, 1993; Hizzett et al., 2018; Heerema et al., 2020). A broad analogy
may be drawn with snow avalanches, which can be triggered by progressive snow accumulation, without a
major external trigger, although there are also significant differences between snow pack and sediment

structures.
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The model implies that excess pore pressures take time to accumulate and build along weaker horizons, or
eventually dissipate. This can result in time-delays between individual peaks in sediment supply and the
timing of slope failure and initiation of turbidity currents. Most commonly, time delays are short (hours to
weeks), such that turbidity current activity occurs primarily during specific seasons with elevated sediment
supply. However, longer delays can sometimes also occur, as pore pressures persist for longer, or a cumulative
sediment supply volume is reached to precondition slopes. In these cases, powerful and long runout turbidity

currents occur during periods of low sediment supply, as occurred on 1* September 2016 in Monterey Canyon.

5.5. Wider Implications for Geohazard Assessment

Although not observed during our study of Monterey Canyon, turbidity currents can clearly be caused by
major external triggers, including major earthquakes, typhoons and river floods. This was famously shown by
the 1929 Grand Banks event, where a 7.2 My, earthquake-triggered a turbidity current, recorded by sequential
cable breaks extending up to 720 km offshore (Heezen & Ewing, 1952; Piper et al. 1999). More recently, the
2016 7.8 My, Kaikoura earthquake, New Zealand, triggered a turbidity current with a runout of >680 km
through the Hikurangi submarine channel (Mountjoy et al. 2018). Furthermore, cable-breaking flows in the
Gaoping Canyon, offshore Taiwan, in 2006, 2009 and 2010 appear to be triggered by either large (M; >7)
earthquakes, tropical cyclones or river floods (e.g. Hsu et al. 2008; Carter et al. 2012; Gavey et al. 2017; Pope

et al. 2017).

However, our results show that relatively powerful (up to 7.2 ms™ and long runout > 52 km) turbidity currents,
can sometimes initiate through slope failure without a major external trigger such as storms, floods or
earthquakes. Flows triggered by small external perturbations can move 800 kg objects, and thus could damage
cables and seabed infrastructure. Most commonly, increased turbidity current activity occurs during periods of
high relative sediment supply, although the precise timing of turbidity currents may not coincide with
individual floods or large storm waves. At least in these types of systems, predicting the exact timing of
turbidity currents is challenging. However, where sediment supply is seasonal, we can anticipate windows of
increased turbidity current likelihood, for geohazard assessments and the routing or maintenance of critical

seafloor infrastructure.
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6. Conclusions

This study presents some of the most detailed measurements yet for the timing of turbidity currents and
environmental conditions that may trigger flows. No consistent trigger was observed for the fourteen flows
that were recorded in Monterey Canyon, but turbidity currents were more frequent in the winter storm season.
During this winter, heightened wave energy increases sediment transport to the canyon head and similar
volumes of sediment were estimated to enter the canyon head between flows. A single powerful (up to 4.8
ms™ and >52 km runout) event was observed outside the winter, when sediment supply rate is reduced.
However, the total sediment volume entering the canyon head was approximately four times higher than the

mean between winter events. We therefore propose that turbidity current activity is better related to sediment

supply and slope preconditioning rather than individual triggers.

We combine insights from Monterey Canyon and other sites of direct monitoring to produce a model for
preconditioning and triggering of turbidity currents via slope failure, in locations of sustained sediment
accumulation such as canyon heads and river deltas. In this model, rapid or sustained sediment supply alone
can produce elevated pore pressures, which may persist, thereby predisposing slopes to fail for hours to
months (or potentially even longer in muddy systems) after initial sediment deposition. Small perturbations in
antecedent conditions resulting in local pore pressure variation then become capable triggers, demonstrating
that major external events such as earthquakes, storms or river floods are not a prerequisite for turbidity

current activity.
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Figure 2: Monterey Canyon situated offshore California, USA. Map shows mooring locations (MS1-7) and
the wave height sensor (MS0) deployed during the CCE. The locations of NOAA metocean buoy and USGS
river gauges also shown for San Lorenzo River. Distance labels on Pajaro and Salinas Rivers refer to distance
upstream to gauging station beyond the edge of the map. Locations of the Santa Cruz (yellow) and South

Monterey Bay Cells (red) are labelled with arrows for the coastal direction of littoral transport.
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Figure 3: Time series during CCE of event occurrence and triggering variables discussed. Dotted lines in all

panels indicate when turbidity currents occur. (A) The timing of detected turbidity currents and runout
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distance down-canyon (left); and the timing of earthquakes with epicentres within 100 km of Moss Landing,
data point size relative to magnitude (right). (B) Mean daily wave direction measured by wave height sensor,
yellow arrows display conditions on days with events. Arrow heads point to direction of wave motion. (C)
Red line shows wave energy and white-filled circles indicate the cumulative wave energy since the previous
flow. Yellow stars in C-G show the conditions of each variable during events, the size of star is relative to flow
runout. (D) Air pressure measured from NOAA Buoy 46092 located 54 km offshore from Moss Landing,
California. (E) River discharge from USGS gauges closest to the mouths of the San Lorenzo, Pajaro and
Salinas Rivers, with combined flow. (F) Deviation of water level from mean during CCE measured from wave
height sensor. (G) Internal tide velocity measured at MS1 10 m above bed. Data were binned and averaged
over 10-minute intervals, with measurements related to turbidity currents removed. Shaded area in A-G shows
period of turbidity current clustering in the November-March winter storm season. Violin plots adjacent to
C-G show the distribution and range of conditions of each triggering variable throughout the CCE, 2016 and
during events. White filled circle shows mean value for each data set and the thick central black line
represents the interquartile range. Gaps in wave, water level and internal velocity data are a result of

instrument turnover.
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Figure 4: Measurements of wave energy (red) and San Lorenzo, Pajaro and Salinas Rivers discharge (blue
shades), with combined flow (grey) five days prior and following turbidity currents initiating in the upper

canyon during the CCE. Central dotted line in each plot indicate first detection of turbidity current.

35



10°

1 Year
107 F

10° 1

Pore pressures remain
elevated for hours to
months n

Time for Excess Pore Pressure to Dissipate [seconds]

Documented sediment
accumulations <
10° (timescale) |

0.1 1 10 100
Accumulated Thickness of Sediment [m]

4—» Monterey Canyen (18 months)
P Squamish (~2 weeks)
|

Figure 5: The role of grain size and sediment supply on the period of system preconditioning demonstrated by
hydraulic conductivities in a range of delta systems from Fleckenstein et al. (2006) demonstrating. Time for
excess pore pressures to dissipate to 1/E (37% of initial value). Clare et al. (2016) show up to 12 m
aggradation within 1 week on the delta lip at Squamish, Smith et al. (2005; 2007) a 8 m aggradation at the

head of Monterey Canyon over months.
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Figure 6: Comparison of annual turbidity current timing in different physiographic settings and sediment

delivery mechanisms. (A) Monterey Canyon as an example of a littoral-fed canyon showing events from July
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2016 to June 2017 during the CCE. Stave above plot shows the day and month of previously measured flows
by Paull et al. (2003; 2010) and Xu et al. (2004) and other flows recorded during the CCE. (B) Squamish
Prodelta, British Columbia, Canada as an example of a submarine channel system connected to a fjord-delta
head. Timing and flow initiation shown during 2011 from direct monitoring by Clare et al. (2016). (C) Congo
Canyon as an example of a major river-fed canyon. Day and month of historical cable breaks between 1893
and 1932 documented by Heezen et al (1964). Staves above shows day and month of measured turbidity
currents between August 2009 and September 2010 directly monitored by Azpiroz-Zabala et al. (2017) and
Simmons et al. (2020) and the number of cable breaks detected by month between 1893 and 1932. Yellow
stars in panels show conditions recorded during events. Size of star for turbidity currents during the Monterey
CCE relative to runout. For Congo Canyon cable breaks earlier than 1903 stars placed on average Congo

River discharge, records prior to 1903 were not available.
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Figure 7: A new model for turbidity current activity in areas of sustained sediment accumulation, such as
canyon-heads or river mouths, where initiation occurs via slope failure. Here (A), rapid or sustained sediment
deposition in the system head generates excess pore pressures preconditioning the slope to failure. Where pore
pressures cannot fully dissipate the slope will remain preconditioned to failure. (B) This allows minor external
events to become capable triggering slope failure and a subsequent turbidity current by through further

changes to local pore pressure.
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Table 1: Summary of previous studies of how turbidity currents are triggered in submarine canyons and

channels with different types of sediment supply, based on precise timings of flow events measured via direct

monitoring.
Sediment Site Flows | Period Triggers Reference
Supply
Knight Inlet, 39 17 Elevation in freshet river Bornhold et al.
Canada months | discharge. 1994
Riverfed Bute Inlet, 35 13
fords Canadg months ' _
Squamish 106 147 System active during river Clare et al.
Prodelta, Canada days discharge > 300 m’/s. Tidal 2016; Hizzett et
drawdown or rapid sedimentation | al. 2018
trigger.
Congo Canyon, 6 4 Elevated river discharge bit not Heezen et al.
offshore Angola months | flood peaks. 1964;
Azpiroz-Zabala
et al. 2017
Gaoping Canyon, 23 3.5 Flow initiates following typhoon | Zhang et al.
offshore Taiwan years | elevation of river discharge. 2018
2 2 Typhoon-triggered hyperpycnal Liuetal. 2012
River-fed months | flows.
canyons Cable Breaks River flooding, tropical cyclones | Hsu et al. 2008;
and earthquakes. Carter et al.
2012; Pope et al.
2017
Gulf of Lions 6 4 Dense shelf water cascading, Canals et al.
canyon system, months | storms, river flooding and 2006
Mediterranean trawling.
Var Canyon, 8 2 years | Hyperpycnal flows during river Khripounoff et
Mediterranean flooding and some local storms. al. 2009
Eel River Self and 11 83 days | Storms, not directly linked to river | Puig et al. 2004
Canyon, offshore floods.
California
Hueneme & 6 6 Storms. The same storm event is Xu et al. 2010
Mugu Canyons, months | capable of triggering flows in
) offshore both canyons simultaneously.
Horal | California
czrllnt-ofls Monterey 4 11 Coincident with elevation in Xu et al. 2004
Y Canyon, offshore months [ storm activity.
California 10 16 & 26 Paull et al.
months 2003; 2010
Nazare Canyon, 3 22 Storm waves with potential Martin et al.
offshore Portugal months | contribution from flooding north | 2011
of the canyon head.
Sediment | Gulf of St. 4 27 Sustained storms resuspend Normandeau et
starved | Lawrence, East months | sediment in canyon heads. al. 2020
canyon | Canada
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Table 2: Statistical metrics to compare the distribution variation of potential triggering mechanism conditions
with background conditions observed during the CCE. We calculate the difference between medians (DBM)
as a percentage of overall visual spread (OVS), where OVS is the range from the lowest to highest
interquartile range (e.g. Rao and Liu, 2017). Results are ranked in order of their statistical importance for

triggering flows.

Triggering ) Background Ditference Overall Visual DBM/OVS
. Event Median . Between
Variable Median . Spread [%]
Medians

Wave Energy
(x10* Jm?] 4.2 1.6 2.6 6.2 41.9
Alr Pressure 1012.5 1017.3 4.8 14.4 337
[mbar]
Water Level [m 0.1 0.0 0.1 0.9 17.2
from mean]
Combined River
Discharge [m’s"] 25.6 2.2 234 202.3 11.6
Internal Tide
Velocity [ms'] 34 -2.6 0.8 23.8 32
Salinas River
Discharge [m’s”] 0.0 0.0 0.0 0.6 0.0
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