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ABSTRACT

Submarine turbidity currents are one of the most important processes for

moving sediment across our planet; they are hazardous to offshore infra-

structure, deposit petroleum reservoirs worldwide, and may record tsunami-

genic landslides. However, there are few studies that have monitored these

submarine flows in action, and even fewer studies that have combined direct

monitoring with longer-term records from core and seismic data of deposits.

This article provides one of the most complete studies yet of a turbidity cur-

rent system. The aim here is to understand what controls changes in flow

frequency and character along the turbidite system. The study area is a

12 km long delta-fed fjord (Howe Sound) in British Columbia, Canada. Over

100 often powerful (up to 2 to 3 m sec�1) events occur each year in the

highly-active proximal channels, which extend for 1 to 2 km from the delta

lip. About half of these events reach the lobes at the channel mouths. How-

ever, flow frequency decreases rapidly once these initially sand-rich flows

become unconfined, and only one to five flows run out across the mid-slope

each year. Many of these sand-rich, channelized, delta-sourced flows there-

fore dissipated over a few hundred metres, once unconfined, rather than

eroding and igniting. Upflow migrating bedforms indicate that supercritical

flow dominated in the proximal channels and lobes, and also across the

unconfined mid-slope. These supercritical flows deposited thick sand beds

in proximal channels and lobes, but thinner and finer beds on the uncon-

fined mid-slope. The distal flat basin records far larger volume and more

hazardous events that have a recurrence interval of ca 100 years. This study

shows how sand-rich delta-fed flows dissipate rapidly once they become

unconfined, that supercritical flows dominate in both confined and uncon-

fined settings, and how a second type of more hazardous, and much less fre-

quent event is linked to a different scale of margin failure.

Keywords Cyclic step, direct monitoring, fjord, geohazard, submarine
channel, submarine slide, supercritical, turbidity current.
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INTRODUCTION

Turbidity currents dominate sediment transport
into many parts of the ocean. These often pow-
erful flows can badly damage offshore infrastruc-
ture, such as pipelines, or break networks of
submarine telecommunication cables that now
carry >95% of global data traffic (Heezen &
Ewing, 1952; Cooper et al., 2013; Carter et al.,
2014). Their deposits (turbidites) host important
petroleum reserves in many locations worldwide
(Nilsen et al., 2008), and could potentially pro-
vide a valuable long-term record of tsunamigenic
landslides or major earthquakes that threaten
coastal areas (Goldfinger et al., 2010; Atwater
et al., 2014; Mountjoy et al., 2018). Only terres-
trial river systems disperse such large volumes
of sediment over such large areas of the planet
(Talling, 2014).
However, in contrast to the many thousands of

direct observations from rivers, there are very few
direct observations from active turbidity currents
(Inman et al., 1976; Prior et al., 1987; Xu et al.,
2013; Talling, 2014; Hughes Clarke, 2016; Lintern
et al., 2016; Azpiroz-Zabala et al., 2017). This
study uses flow monitoring data from previous
work at Howe Sound in British Columbia,
Canada, which includes some of the most
detailed measurements yet made from within tur-
bidity currents (Hughes Clarke et al., 2012;
Hughes Clarke, 2016). However, in most locations
worldwide, the only record of turbidity currents
is the deposits they leave behind. Indeed, it may
be impossible to measure the more infrequent
types of turbidity current over the timescales of
most research projects (<1 to 10 years). It is there-
fore important to link direct monitoring observa-
tions and flow deposits (Talling et al., 2015;
Fildani, 2017; Hage et al., 2018). Even fewer
monitoring studies have gone on to combine such
direct flow observations with information from
deposits (e.g. Prior et al., 1987; Zeng et al., 1991;
Paull et al., 2005, 2010; Crookshanks & Gilbert,
2008; Hizzett et al., 2017; Symons et al., 2017;
Hage et al., 2018), or sediment trap samples from
within the flow (e.g. Liu et al., 2008; Xu et al.,
2010). These studies have tended to investigate a
small number of locations along a small part of
the full flow pathway. This contribution presents
probably the most complete study yet that combi-
nes monitoring, cores and seismic data of depos-
its from delta shoreline to sink. This study
provides a valuable new view into turbidity cur-
rent systems, and allows for new insights into off-
shore and coastal geohazards.

The main focus of this study is on how the
frequency and character of turbidity currents
varies with distance down system, and what fac-
tors control those variations. In particular, how
seabed geomorphology affects flow behaviour is
discussed. This work seeks to understand where
and why flows dissipate (and the length scales
over which this occurs), where and why flows
are subcritical or supercritical, and whether flow
frequency and runout is a continuum or bimo-
dal. Understanding turbidity current frequency,
and how it changes with distance, is particularly
important for assessing hazards to seabed infra-
structure (Cooper et al., 2013). Changes in flow
frequency are also key for understanding funda-
mental flow behaviour; such as how often flows
erode and accelerate (ignite; Parker, 1982), or
deposit sediment and dissipate, and the length
scales over which such changes occur. It has
also been proposed that turbidity currents in lar-
ger submarine canyon fed systems are strongly
bimodal, such that most events are canyon fill-
ing, whilst only a few much larger flows flush
sediment out of canyons (Arzola et al., 2008;
Allin et al., 2016). More generally, flow fre-
quency has important implications for the
tempo of organic carbon and nutrient transport
into deeper water (Galy et al., 2007) and the
physical disturbance of benthic ecosystems
(Paull et al., 2010). The frequency and magni-
tude of sediment and water discharge has long
been a key subject for terrestrial river systems
(Wolman & Miller, 1960), and this study is one
of the initial steps towards measuring magni-
tude-frequency relations of submarine turbidity
currents.
Ancient turbidity current deposits have been

used to understand the character and frequency
of potentially hazardous triggering mechanisms,
such as earthquakes, submarine slope failures
and associated tsunamis (Adams, 1990; Goldfin-
ger, 2011; Arai et al., 2013; Hunt et al., 2013;
Atwater et al., 2014; Clare et al., 2014; Mountjoy
et al., 2018). Such marine turbidite records are
potentially valuable because they extend further
back in time than most terrestrial information,
for instance historical records of major earth-
quakes. However, there is often uncertainty as to
whether turbidites faithfully record such haz-
ardous events or if they show an incomplete his-
tory (Goldfinger, 2011; Sumner et al., 2013;
Atwater & Griggs, 2012). A motivation for this
study is therefore to understand records of
tsunamigenic slope failure, or major river-floods
(Table 1).
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STUDY AREA: SQUAMISH DELTA AND
HOWE SOUND

Howe Sound is a marine fjord located ca 50 km
north of Vancouver in British Columbia, Canada.
The Squamish River enters the head of the fjord
to produce a delta system, whose proximal part
comprises a series of channels that extend for ca
1�5 km to water depths of ca 150 m (Fig. 1A and
B; Hughes Clark et al., 2014). The channel floors
are characterized by up-slope migrating bed-
forms (Hughes Clarke, 2016; Hizzett et al., 2017;
Hage et al., 2018). Flows that expand at the
channel mouths have created a series of lobes
characterized by active bedforms (Fig. 1B). The
basin extends for ca 15 km south to a large gla-
cial moraine called the Porteau Cove Sill that
was emplaced at 12�9 ka (Armstrong, 1981). The
sill rises steeply from a depth of 280 to 35 m
below sea level (mbsl) (Fig. 1A). Several smaller
rivers enter Howe Sound and create smaller-
scale fans, the most notable being Britannia
Creek (Fig. 1C).
Water discharge from the Squamish River

increases from ca 100 m3 sec�1 during the win-
ter, to ca 500 m3 sec�1 during a four-month
summer freshet period, primarily due to snow

melt. Turbidity current activity tends to initiate
with discharges in excess of 300 to 350 m3

(Hughes Clarke, 2012; Clare et al., 2016). Occa-
sional sharp peaks in river discharge reach ca
1000 m3 sec�1 during the freshet (Hughes Clarke
et al., 2012). The suspended sediment concen-
tration in the river water is low (with <0�2% vol-
ume or 5 g l�1; Hickin, 1989). Around 106 m3 of
sediment are delivered annually to the delta by
the river, primarily through suspension settling
(Hickin, 1989). This compares to sediment vol-
umes of 2 9 104 m3 to 15 9 104 m3 for the five
largest delta-lip failures observed in 2011
(Hughes Clarke et al., 2012). The river generates
a sediment-laden surface plume with grain sizes
ranging from sand to clay with generally only
silt and clay extending beyond the Porteau Cove
Sill (Syvitski & Murray, 1981). The surface
plume is relatively dilute with measured sedi-
ment concentrations of <0�03% by volume
(Hughes Clarke et al., 2012). The river discharge
does not plunge directly to form hyperpycnal
flows (Hughes Clarke, 2016). The sea floor sedi-
ment for the first few hundred metres seaward
of the delta lip is characterized by fine to med-
ium sands and silt (Hage et al., 2018), while the
mid-slope and basin are characterized by silt

Table 1. Year of major floods and earthquakes in the vicinity of Howe Sound (Squamish–Lolooet Regional Dis-
trict, 2004; Kerr Wood Leidal Consulting Engineers, 2015).

Year Effect on environment

1906 Transport of boulders, avulsion near apex of Britannia Fan. Destructive flooding in Squamish River

1921 Extreme flooding and dam breach on Britannia Creek destroyed and transported houses into
Howe Sound at Britannia Beach. Transport of boulders, channel avulsion. 37 deaths. Major flooding in
Squamish River, Mamquam River avulsion

1933 Partial flooding of Britannia Beach

1940 Squamish River flood caused extreme damage

1946 M7�3 Vancouver Island earthquake, 156 km west of Squamish. Substantial damage including landslides
on Vancouver Island

1963 Highway washed out. Four floods within three years at Britannia and Squamish.

1971 Squamish River diverted by training dyke

1980 Major river floods in Squamish River and its tributaries damaged more than 200 homes. Several
occurrences between 1981 and 1984 as well

1989 Failed attempt at controlled dam breach on Britannia Creek. Extensive erosion in river bed, trees
transported into Howe Sound at Britannia Creek

1991 Avulsion of fan apex, flooding at Britannia Beach. Major river floods in Squamish River and its tributaries

2001 M6.8 Nisqually earthquake 300 km south of Squamish. Local submarine slides and liquefaction

2003 Major river floods in Squamish River and its tributaries
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and clay, respectively (Syvitski & MacDonald,
1982).
The Squamish Delta has been affected by

human activity, in particular by diversion of the
main river in 1971 by a training dyke (Hickin,
1989). Previously, the Squamish River was
located further to the south-east, at the aban-
doned position of the Mamquan River (see
Fig. 1B). As subsequently discussed, the delta-
system may therefore still be evolving after that
forced avulsion in 1971 (Hughes Clark et al.,
2014). A relict submarine channel extends for ca
2�5 km from the Mamquam River. This relict
channel may have once connected to elongate
depressions that occur 5 km from the delta
(Fig. 1A). The position of the main active chan-
nel in the current (post 1921 flood and channel
avulsion – see Table 1) Squamish River also
migrates. This can also lead to marked changes
in activity within three offshore channels that
are cut into the delta front (Hughes Clarke,
2012; Hughes Clarke et al., 2012; Hughes Clarke,
2016).

Britannia Creek mining influence

Britannia Creek enters the eastern side of the
fjord, around 8 km from the Squamish Delta,
and was the site of a copper and zinc mine that
operated from 1898 to 1974 (Fig. 1C). During
that time ca 40 million tonnes of tailings
enriched in gold, and sulphides of iron, copper,
zinc, lead and silver were disposed of into the
marine environment at the Britannia Mine (Ellis
& Popham, 1983). Most of the sulphides are
believed to have been transported by mass trans-
port of contaminated materials from Britannia
Fan directly to the adjacent sea floor or by adhe-
sion to fine sediments and dispersal throughout
the upper Howe Sound Basin (Drysdale, 1990).
Once in the marine environment, tailings rich in
sulphides were transported north as far as Watts
Point, and as far as the Porteau Cove Sill to the
south (Fig. 1) (Thompson & McComas, 1974;

Syvitski & MacDonald, 1982; Drysdale, 1990).
Acid mine drainage also resulted in high con-
centrations of dissolved copper in the Britannia
Creek area through molecular diffusion (Thomp-
son & McComas, 1974; Drysdale, 1990; Steffen
Robertson & Kristen, 1991; EVS Environmental
Consultants, 1997). It is subsequently demon-
strated that this input produced a discernable
geochemical signature in the fjord sediments
that is used for dating.

SUMMARY OF PREVIOUS DIRECT
MONITORING OF FLOW PROCESSES

Previous direct monitoring of Howe Sound
included a series of 93 time-lapse multibeam
bathymetric surveys collected from the proximal
part of the Squamish Delta every weekday from
May to September in 2011 (Hughes Clarke, 2012;
Hughes Clarke et al., 2012; Hughes Clarke, 2016;
Hizzett et al., 2017). A full survey of the entire
system was also undertaken every two weeks
(Hughes Clarke et al., 2012). Hourly surveys
were then conducted for a smaller number of
days in 2012 (Hughes Clark et al., 2014). These
are by far the most numerous time-lapse bathy-
metric surveys yet collected for any turbidity
current system. It was found that the proximal
channels and associated lobes were highly
active. Two types of event were defined; large-
scale failures of the delta lip, and numerous
events that caused bedform movement which
were triggered by smaller failures of sediment
settling from river plumes (Hughes Clarke et al.,
2012; Clare et al., 2016; Hizzett et al., 2017).

Larger delta-lip failures

Failure of the delta-lip triggered relatively large
volume events containing 2 9 104 m3 to
15 9 104 m3 of sediment. Five delta-lip failures
occurred over 135 days in 2011. The first two
lip failures coincided with unusually low tides,

Fig. 1. (A) Bathymetric map of upper Howe Sound showing the entire shore to sink turbidite system from the
Squamish Delta to the Porteau Cove Sill (bathymetry data from Howe Sound is from 2007; active Squamish Delta
front including channels is from 2011). Red dots show numbered core locations. Red line shows location of bathy-
metry profile in Fig. 2. Black lines show locations of Huntec sub-bottom profiles in Figs 8 to 11. Black star
denotes acoustic Doppler current profilers (ADCP) monitoring station of Hughes Clarke et al. (2012). (B) Blow-up
of Squamish Delta multibeam bathymetry showing relict channels, active channels with crescentic bedforms, lobe
deposits with sinuous bedforms and wide spaced bedforms beyond the lobe deposit. (C) Blow-up multibeam
bathymetry of the lower mid-slope and distal ponded basin including the Britannia Fan and location of the Bri-
tannia Mine which disposed of copper and zinc-rich mine tailings into Howe Sound from 1898 to 1974. Fjord
wall slide scars and the large debris lobe are outlined.
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whilst the final three failures occurred a few
hours after peaks in river discharge (Clare et al.,
2016). This suggests that failure was triggered by
unusually rapid delta-lip progradation during
river discharge peaks, and processes associated
with low tides. Such processes at low tide may
include expansion of gas bubbles within the sedi-
ment, or focussing of river discharge (and hence
more rapid delta-lip progradation) (Hughes
Clarke et al., 2012; Clare et al., 2016). Sediment
from the largest delta-lip failures sometimes
infilled the proximal channels on the delta front.
This channel fill was then reworked and resedi-
mented by subsequent flows onto the lobes occur-
ring beyond the channel mouths (Hughes Clarke,
2012).

Movement of bedform trains (bedform-
migrating events)

A second type of event was associated with
trains of crescent-shaped up-slope migrating
bedforms (Fig. 1B; Hughes Clarke, 2016). These
asymmetrical bedforms have steep (up to 40°)
downflow facing sides and flatter (<10°) upflow
sides (Hughes Clark et al., 2014). The bedform-
migrating events also tended to occur when river
discharges were elevated, and at lower than
average tides (Hughes Clark et al., 2014). Bed-
forms confined to the delta-front channels
tended to have a crescentic-shaped crest that
was concave in an upflow direction. Individual
channelized flows caused bedform crests to
migrate upflow for several tens of metres
(Hughes Clarke, 2012; Hughes Clarke et al.,
2012). Bedform trains from the larger events
continued across the lobes, where the bedforms
had more sinuous crests (Fig. 1B; Hughes Clarke
et al., 2012). More widely spaced bedforms are
seen beyond the lobes (Fig. 3A), but no changes
in bed elevation were discernable further down
the basin within the resolution (ca 1 m) of the
surveys.
Many of the bedform trains began at the delta

lip, and are obviously associated with a slope
failure scar near the steep delta lip (Fig. 1B).
However, almost half of the bedform-migrating
events began a significant distance from the
delta lip and lack an obvious failure scar
(Hughes Clarke, 2012; Hughes Clarke et al.,
2012; Hizzett et al., 2017). These events may be
initiated by settling of sediment from the surface
river plume, which forms a denser near-bed
layer (Hughes Clark et al., 2014; Hizzett et al.,
2017) and not by direct plunging of the river as

in a true hyperpycnal flow (Hughes Clarke,
2016). Settling from river plumes produced most
events, and they include some of the most pow-
erful turbidity currents over sub-annual time-
scales (Hizzett et al., 2017).
The bedform trains migrate upflow, and were

thus generated by supercritical flows (Normark
et al., 1980; Cartigny et al., 2014; Hughes Clarke,
2016; Hage et al., 2018). Monitoring using multi-
beam sonar and acoustic Doppler current profil-
ers (ADCPs) showed that the upflow migrating,
periodic bedforms within proximal channels
were associated with hydraulic jumps, and thus
represented cyclic steps (Hughes Clarke, 2016).
The deposits of bedforms in proximal channels
comprised amalgamated massive sand layers
(Hage et al., 2018).

Flow observations

Descending plumes of sediment from the river
mouth on occasion fed denser near-bed flows,
which lasted for about an hour and coincided
with bedform translation in the channels
(Hughes Clark et al., 2014). Heavy (24 to 36 kg)
blocks were placed in the proximal channels
and tracked using the multibeam system
(Hughes Clarke et al., 2012). The heavy blocks
moved rarely, but when moved were displaced
for several hundred metres downflow (Hughes
Clark et al., 2014). This suggests that some flows
were rather powerful, and may have comprised
dense granular flows near the bed.
An acoustic Doppler current profiler (ADCP)

located by Hughes Clarke et al. (2012) on the
lobe beyond the northernmost channel (Fig. 1B)
showed that 20 of the 49 events in the northern
channel ran out for at least 1�5 km. Most of
these events on the lobe had peak velocities in
the region of 50 cm sec�1, but the first major
delta-lip failure generated a flow with a maxi-
mum speed of 150 cm sec�1 (Hughes Clarke
et al., 2012). A typical flow at the ADCP site
was 5 to 15 m thick, and lasted for around an
hour (Hughes Clark et al., 2014; Hughes Clarke,
2016).
Differences in sea floor elevation during the

freshet in 2011 suggest that the southern lobe
was an area of net deposition, but the other
lobes were not characterized by net deposition
(Hughes Clarke et al., 2012). The lack of deposi-
tion on the northern and central lobes suggests
either that flows were stopping before reaching
the lobes or that this was mainly an area of sedi-
ment bypass.
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METHODS

Sea floor morphology and changes in
gradient

Swath multibeam data were collected by the
Canadian Hydrographic Service over three sepa-
rate surveys in 2007 and 2011. The data were
gridded and analysed in Arc GIS�. Maps of sea
floor gradient were used to identify changes in
slope, and to identify the extent of bedforms in
the mid-basin.

Piston coring

Sediment samples were collected with a Benthos
piston corer onboard the Canadian Coast Guard
Ship (CCGS) Vector over three separate surveys
in 2011, 2013 and 2015. A multi-sensor core log-
ger (MSCL) was used to acquire physical property
measurements, including gamma density, mag-
netic susceptibility, P-wave velocity and high res-
olution photographs. Grain size was inferred
through visual inspection. X-radiographs were
collected at Simon Fraser University’s Earth
Science Department. The geochemical composi-
tion of sediment cores was measured using an
Innov-X Delta Premium (DP-6000; Olympus,
Tokyo, Japan) portable X-Ray fluorescence
(pXRF) mounted on a Geotek MSCL (Geotek Lim-
ited, Daventry, UK). Analysis was conducted
using the mining plus mode using 40 kV and
10 kV beams for 30 sec each. Select cores were
analyzed at 1 cm or 2 cm intervals.

Deep-towed (Huntec) sub-bottom profiler data

High resolution seismic reflection data were
collected by the GSC-Pacific onboard the CCGS
Vector. Data were collected in 2013 with a deep-
towed Huntec system, which consisted of a
boomer source and a ‘line and cone’ receiver

(Geoforce Group, Dartmouth, Nova Scotia,
Canada).

Radiocarbon dating

One conifer needle and one piece of bark from
Core 105 were analyzed for 14C dates (Table 2).
Analyses were performed at the University of Cali-
fornia, Irvine (Keck Carbon Cycle Accelerator Mass
Spectrometry) following the procedure outlined
by Southon et al. (2005). Results were calibrated
using OxCal version 4�2 (Bronk Ramsey, 2009) and
are reported as calibrated years (cal BP).

Excess 210Pb profiles and dating

A sediment accumulation rate was calculated
for Core 103 by means of 210Pb analysis. This
core was collected from the deepest part of the
basin, minimizing the probability of reworking
by density flows or tidal currents. Analysis was
conducted by Flett Research Ltd, in Winnipeg,
Manitoba, using alpha spectrometry following a
modified procedure from Eakins & Morrison
(1978). The sediment accumulation rate was
determined by calculating the slope of log (ex-
cess 210Pb) with depth, as described by Robbins
(1977). It was assumed that 226Ra activities are
in equilibrium with supported 210Pb. Two sam-
ples were analyzed for 226Ra activities and these
were averaged and subtracted from total 210Pb
activities to calculate excess 210Pb activity. The
210Pb disintegration constant was divided into
the slope of log (excess 210Pb) and provides a
sediment accumulation rate in cm yr�1. Dates
were calculated by subtracting the estimated age
from the year the cores were collected.
The sediment accumulation rate was calcu-

lated using a 210Pb model that excludes data
points from intervals interpreted to have been
reworked. Such reworked deposits include bio-
turbated zones, intervals characterized by mud

Table 2. Radiocarbon subsample information from Core 105.

Laboratory name Material Depth (cm) EFD (cm) 14C age (BP)

Calibrated age (95%) [yr BP]

Mean From To

UCI 167586 Bark 902 548 355 � 15 386 � 44 465 315
UCI 167587 Conifer needle 902 548 335 � 15 404 � 54 485 319
Combined 902 548 445 � 12 467 425

Notes: Wood samples are calibrated using the IntCal13 atmospheric curve (Reimer et al., 2013). EFD = Event Free
Depth. Calibrated Age: raw calibration of the 14C age.
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and sand laminations, and sand beds that are
interpreted to represent instantaneous deposi-
tion. The intervals that were interpreted as
instantaneous deposition (mud and sand beds)
were removed from the calculation of total sedi-
ment thickness in order to achieve a sediment
accumulation rate that only accounts for a con-
stant hemipelagic deposition rate, or an event-
free depth (EFD).

RESULTS

Morphology of the Howe Sound system

The main Squamish River-sourced turbidite sys-
tem comprises three morphological regions: (i)
channelized delta-slope consisting of channels
and lobes reaching just beyond the 150 m isobath;
(ii) mid-slope apron/fan reaching just beyond the
Britannia Fan; and (iii) distal ponded basin that
ends at the Porteau Cove Sill (Fig. 1A). These
regions correspond to distinctive sections along
the bathymetric profile (Fig. 2). The overall form
of the bathymetric profile has a steadily decreasing
slope gradient, apart from a flat section associated
with a prominent convex-up bulge in the area of
the first major bend in the fjord axis (Fig. 1A).
From interpretation of seismic data, this bulge
appears to be related to antecedent topography
and not to recent deposition.

Channelized delta-slope
The proximal delta-slope is characterized by
three active submarine channels that extend for 1
to 2 km to the 110 to 150 m isobaths (Fig. 1B).

Down to a depth of 150 m the average slope is 6°,
beyond this the slope decreases to an average of
1�2° (Fig. 2). The three northernmost channels are
active and contain sharply-defined bedforms,
which deposited amalgamated massive sand lay-
ers (Hage et al., 2018). These bedforms cause
local variation in sea floor gradient, with down-
slope faces that range between 10° and 30°
(Fig. 3A) but can reach beyond 40° (Hughes
Clarke et al., 2012). The two southernmost chan-
nels on the delta are located offshore from the
artificially diverted Mamquam Channel (Fig. 1B).
Their relatively subdued relief indicates that they
are currently abandoned and partially infilled
(Fig. 1B).
Beyond the three active channel mouths, are a

series of lobes defined by bedform migration on
bathymetric difference maps (Fig. 1B; Hughes
Clarke et al., 2012). Flow expansion at the chan-
nel mouths is accompanied by a change in aver-
age gradient from 6�0° to 2�5°. In 2011, the lobes
extended to a distance of 2�0 to 2�4 km from the
delta lip. The down-slope boundary of the lobes
is delineated by a change in bedform character
from shorter to longer wavelength (Fig. 3A).

Middle section of Howe Sound (mid-slope)
This part of the system extends from the lobes
to a break in slope that defines a much flatter
distal basin (Fig. 1A). This mid-part of the basin
is also covered by ubiquitous bedforms (Fig. 3A
and B). Bathymetric difference maps failed to
show any systematic changes in sea floor eleva-
tion associated with the mid-basin bedforms
(Hughes Clarke et al., 2012), and such changes
in elevation would thus have been less than ca

Fig. 2. Bathymetric profile and
changes in average sea floor
gradient along Howe Sound
(location on Fig. 1). Numbered core
positions shown above the
bathymetric profile. The profile is
broken into zones based on changes
in gradient, with average gradient of
each zone indicated. Red line
shows position of acoustic Doppler
current profilers (ADCP) mooring of
Hughes Clarke et al. (2012). Yellow
bar at base of figure indicates extent
of bedforms, whilst grey bar denotes
absence of bedforms.
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A

B C

Fig. 3. Map of sea floor gradients of the upper part of Howe Sound. Bathymetry data from Howe Sound is from 2007;
active Squamish Delta front including channels is from 2011. Red dots show core locations. Black dashed line shows
bathymetric profile in Fig. 2. (A) Channelized margin of the delta slope and the upper mid-slope showing transition
from short to long wavelength bedforms. (B) Transition from continuous bedforms on the lower mid-slope to the distal
ponded basin that is flat and featureless. Bedforms are pervasive on Britannia Fan and the debris lobe has a blocky mor-
phology. Recent slide scars correspond to debris lobes that are visible at the sea floor. (C) In the distal ponded basin the
east fjord wall and Porteau Cove Sill show older slide scars that have little to no surface expression at the sea floor.
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1 m in 2010 to 2011 (Hughes Clarke et al.,
2012), however an upflow migration is observed
just before Core 27 in sub-bottom image (see
Sub-bottom profiles section). Most of this mid-
basin zone has relatively subdued relief,
although patterns of transverse bedforms are vis-
ible in irregular patches.
The relatively smooth relief is interrupted by

several elongate depressions located on the east-
ern side of the basin, which have steep up-slope
terminations (Figs 1A, 3A and 3B). The depres-
sions may be relicts of palaeo-channels that
extended from the abandoned eastern part of the
Squamish Delta.
A local area of lower gradients occurs on

the western side of the system, and this flatter
area lacks bedforms (Figs 1A, 2 and 3A). This
shows that there is an association between
steeper gradients and bedform generation. This
flatter area is associated with a bulge in the
axial basin profile.

Distal ponded basin
A large change in slope from >0�4° to 0�05°
defines a very low gradient distal basin (Figs 1A
and 2). The basin floor lacks bedforms, which
are restricted to steeper (>0�4°) slopes (Fig. 3B
and C).

Britannia Creek system
The Britannia Creek system emanates from the
eastern side of Howe Sound, ca 8�5 km down-
fjord from the Squamish Delta (Fig. 1C). A fan-
delta is located immediately offshore of the
creek, forming a cone of sediment that progrades
onto the basin floor (Fig. 1C; Prior & Bornhold,
1984). This cone has gradients that reduce from
30° to 2° (Fig. 3B). The surface of the fan is
characterized by three broad gullies bounded by
narrow ridges, the two southernmost character-
ized by ridge and chute morphology (Figs 1C
and 3B). At the base of the cone, the gullies
transition into a 100 to 200 m wide submarine
channel that turns southward over a length of ca
1 km before petering out. The sea floor adjacent
to the channel is characterized by transverse
bedforms.

Slide scars on fjord walls
To the south of the fan delta, a 500 m wide
ridge on the sidewall of the fjord separates the
fan delta from a broad slide scar depression
(Figs 1C and 3B). The headscarp for this slide is
14 m in height and forms an irregular line along
the shallow fjord margin. It has an estimated

volume of 1�5 9 106 m3. Seaward of this slide
scar is a broad submarine debris lobe with a
blocky surface (Figs 1C and 3B). The lobe
deposit has an area of 8�9 9 105 m2. Individual
blocks are up to 10 m across (Prior & Bornhold,
1986). There are several other slide scars on the
east fjord wall and Porteau Cove Sill (Figs 1A
and 3C).

Deposit types (lithofacies) in sediment cores

Five main types of deposits are identified in this
study, and are summarized in Table 3 and illus-
trated in Figs 4 to 7. Lithofacies 1 consists of
mud and sand laminations that are plane paral-
lel or wavy/sub-parallel and thinner than 1 cm.
Lithofacies 2 comprises of thin (up to 10 cm)
sand beds that are generally sharp based fining
up to mud or sandy tops. Lithofacies 3 sand
beds are thick (up to 1 m), generally sharp-
based, well-sorted and fine up to muddy or
sandy tops. Lithofacies 4 comprises of hemipela-
gic mud ranging from sandy mud to clay-rich.
Lithofacies 5 are clast-rich debris-flow deposits
that are massive with high clay content and
mud rip-up clasts. Finer grained intervals were
often rich in gas due to high organic carbon con-
tent. Depressurization during core recovery led
to gas expansion and voids in the cores, which
were removed from the core logs for the pur-
poses of this analysis.

Sub-bottom profiles

Upper slope
The upper slope is generally characterized by
poor acoustic penetration due to abundant sand
and shallow gas. Bedforms are common and in
places upflow migration can be inferred (Fig. 8).
High amplitude reflections are discontinuous
and cannot be correlated between bedforms.

Mid-slope
The mid-slope has acoustic penetration up to
20 m below the sea floor. The upper mid-slope
down to a depth of 200 mbsl is characterized
by pervasive bedforms resulting in discontinu-
ous high amplitude reflections (Fig. 9). Just
north of Core 27 bedforms are observed migrat-
ing upflow by 25 m with a vertical increase of
ca 1�5 m (Fig. 9B). The flat margin of the slope,
at roughly 230 mbsl, is characterized by reflec-
tions that are parallel and continuous (Fig. 10).
At 250 mbsl the sea floor is irregular and the
surface is draped with at least 3�5 m of parallel
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Table 3. Lithofacies and inferred depositional processes.

Litho-
facies

Lithofacies
name

Bouma
division(s) Description

Interpretation of
deposition process

1 Thinly (<1 cm)
laminated
mud and sand

Bouma TD

and TE

Mud or sand laminations ranging in thickness
from 1 mm to 1 cm (Fig. 4). Millimetre-scale
laminations that typically occur in small groups
ranging from two to five that are each separated
by hemipelagic mud and often occur in
association with Lithofacies 2 and 3 (Cores 30
and 105, Fig. 4). Laminations are typically
plane-parallel, in some cases wavy and sub-
parallel especially in tops of cores where
bioturbation is apparent. Laminations as thick
as 1 cm occur in slope cores and at depth in
basin cores. Extent of bioturbation varies from
negligible to extensive where only traces of
primary structure remain

Weak flows that were
only capable of
transporting
fine-grained material.
Thin, fine deposits
indicate dilute
turbidity current
(Talling et al., 2012);
possibly distal
expression of higher
density flows that
resulted in proximal
Lithofacies 2 and 3
deposits

2 Thin (up to
10 cm)
sand bed

Bouma TA, TB

and TE

Fine-grained sand beds that are well-sorted or
poorly sorted ranging from 1 to 10 cm in
thickness (Fig. 4). Beds are generally sharp
based, fining up to mud or sandy mud tops.
Poorly sorted beds may have a reverse graded
base, especially in cores proximal to the
Squamish Delta (see Cores 29 and 28, Fig. 6).
Beds that are well-sorted may have sharp, sandy
top contacts, especially proximal to Britannia
Fan. Plant and wood fragments are often
abundant and beds may display planar
laminations (TB) or be massive (TA). The base of
Lithofacies 2 beds are typically planar and
continuous, although some beds have irregular
contacts, and are lenticular or discontinuous
across the width of the core. Tops of beds may
be slightly bioturbated showing shallow
burrows

More powerful
turbidity current than
Facies 1. Suppression
of lamination in TA

intervals suggests high
near-bed
concentrations (Lowe,
1982). Planar
laminated sand (TB)
can be deposited by
turbidity currents with
either low or high
sediment
concentrations
(Talling et al., 2012).
Mud top deposited
from suspension
settling with minimal
current (Lowe, 1982)

3 Thick (up to
1 m)
sand bed

Bouma TA, TB

and TE

Sand beds, including associated mud top,
thicker than 10 cm and as thick as 1 m (Fig. 4).
Well-sorted, fine to medium-grained sand with
sharp base and normal gradation. Generally
massive at base, sometimes showing internal
laminations. Sand beds tend to fine up to mud
or sandy mud tops that often have either
disseminated wood fragments throughout or
concentrated near the top. In basin cores with
the thickest sand beds (i.e. Cores 103, 104 and
105) mud tops are often 10 cm or more and as
thick as 30 cm in Core 104. The boundaries of
mud tops are distinguished based on increased
biogenic content of the hemipelagic unit and an
associated colour change from dark to light grey.
In slope and basin cores, mud rip-up clasts are
sometimes present in these sand beds. Tops of
beds may be slightly bioturbated showing
shallow burrows

Higher density,
powerful turbidity
current that is
relatively prolonged,
and hence produces a
thicker sand layer.
Massive structure
indicates high near-
bed sediment
concentration. Normal
grading in some layers
suggests that they
progressively aggraded
under waning flow
(Talling et al., 2012)
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reflections with no indication of up-slope
migration. Below this depth resolution is poor,
likely due to gas blanking.

Distal ponded basin
The basin consists of flat, parallel-bedded reflec-
tions that form a layer-cake stratigraphy
(Fig. 11). The repetitive reflections fill a 30 m
interval over a transparent unit interpreted as a
mass transport deposit (MTD). The acoustic sig-
nal is generally attenuated at the MTD, but in
places there appear to be more parallel reflec-
tions beneath (Fig. 11B). The Britannia Fan on
the east side of the basin only has coverage by
two Huntec lines. The sparse acoustic data show
an irregular surface and very poor sub-bottom
penetration indicating sandy sediments.

The lobate slide deposit south of Britannia Fan
extends 1 km west from the base of the fjord wall
and is between 2 m and 5 m in thickness (Figs 1C
and 11A). The unit has a chaotic acoustic charac-
ter with no traces of internal structure. The top is
irregular with metre-scale blocks draped by a very
thin layer of recent sediment.
Several other MTDs are identified interfinger-

ing with the regular parallel bedding of the
ponded basin at its southern end (Fig. 11B).
These units share the same chaotic acoustic prop-
erties as the debris-flow unit (Lithofacies 5) sam-
pled in Core 32 (Fig. 4). These are likely to be
debris-flow deposits originating from the glacio-
marine sediment on the Porteau Cove Sill or the
east fjord wall. Several large scallop-shaped
escarpments serve as evidence for a large amount

Table 3. (continued)

Litho-
facies

Lithofacies
name

Bouma
division(s) Description

Interpretation of
deposition process

4 Hemipelagic
mud

n/a Hemipelagic mud shows a continuum of grain
size ranging from clay-rich mud in the basin to
sandy mud closer to the Squamish Delta
(Fig. 4). Disseminated wood and plant fragments
are common. Bioturbation is often limited to
distinct intervals where burrows are visible.
Bioturbation comprises extensive millimetre-
scale burrows, which tend to be horizontal to
sub-horizontal and may be partially
overlapping. Hemipelagic mud intervals are
much thicker in the distal basin, often reaching
20 cm or more in thickness. There is typically a
textural contrast between hemipelagic mud and
Lithofacies 1, 2 and 3 deposits where
hemipelagic muds are generally finer, but may
be coarser than clay-rich Lithofacies 1 deposits.
There is often a sharp colour change between
hemipelagic units and other units; however, the
colour of Lithofacies 1 and 2 are not consistent
and may be lighter or darker than hemipelagic
intervals. In the interval of elevated copper
concentrations, Lithofacies 4 can be
distinguished from tops of Lithofacies 2 and 3
by higher copper values

River plume fall-out
and biogenic material

5 Clast-rich
debris flow

n/a Massive mud with high clay content and
dispersed medium sand, granules and mud
rip-up clasts (Core 32, Fig. 4). Defining
characteristics include inclined bedding, chaotic
structure and mud clasts that are typically
matrix-supported (Core 32, Fig. 4). Lighter colour
than encasing hemipelagic mud intervals.
Appears only in cores taken from the blocky
debris lobe seen immediately south of Britannia
Creek (Cores 32 and 31; Figs 1C and 7). Diffuse
laminations may be present at the top of the unit

The presence of
massive clays and
matrix-supported mud
clasts suggests
deposition from a
debris flow (Talling
et al., 2012). Debris
flows originate from
fjord wall failures

© 2019 Her Majesty the Queen in Right of Canada Sedimentology © 2019 International Association of Sedimentologists, Sedimentology,

66, 1–31

12 C. D. Stacey et al.



of failed material on the north side of the sill
which may account for the larger MTDs (Fig. 3C).
The largest deposit is also the oldest observed in
seismic record and extends 5 km to the north,
where its seismic character is obscured due to gas
blanking. This unit is roughly 10 m thick where
an upper and lower surface are visible. There are
two smaller stacked MTDs above the large MTD
which extend just over 1 km to the north and are
2 to 3 m thick. Multiple small slide scars are
apparent on the east fjord wall (Fig. 3C); how-
ever, the Huntec record that extends along the
fjord axis is 500 m or more from the east fjord
wall and shows no expression of run out from
these events.

Correlation of sediment cores to sub-bottom
acoustic stratigraphy

Channelized delta-slope
Acoustic penetration is poor in much of this area
due to the high sand content (Fig. 8). Sediment

cores within the channel and lobe deposits reveal
thick-bedded sand (Lithofacies 3), in the case of
Cores 160 and 161 penetration was limited to
1�5 m maximum consisting of medium sand
(Fig. 5).

Mid-slope
The presence of repetitive thin and fine sand
beds (Lithofacies 2) and thick fine to medium
sand beds (Lithofacies 3) in cores confirms that
the high amplitude reflections are indeed sand
deposits (Figs 5 and 9). On the upper mid-slope
as far down-fjord as Core 163, Lithofacies 3 sand
beds, including their mud tops, are a major com-
ponent of the sediment record (50% or more of
total sediment accumulation in Cores 159 and
162). The prevalence of high amplitude reflec-
tions throughout the slope indicates that sand
beds observed in cores are widespread through-
out the area.
On the lower mid-slope, although reflections

are generally more continuous and parallel, sand

Fig. 4. Core photographs, X-radiographs and graphic logs of Cores 30, 32 and 105 (positions shown in Fig. 1).
Lithofacies are represented by L1 to L5. Internal structures are shown in photographs and X-radiographs: (A)
internal laminations (Core 30); (B) inclined bedding (Core 32); (C) chaotic structure (Core 32); and (D) bioturbation
(Core 105).

© 2019 Her Majesty the Queen in Right of Canada Sedimentology © 2019 International Association of Sedimentologists, Sedimentology,

66, 1–31

Turbidity currents: linking monitoring to deposits 13



beds are still challenging to correlate between
cores wherever bedforms are present (Figs 6 and
10). At this distance from the Squamish Delta
the sediment record is characterized by mud
and clay deposition including thick hemipelagic

mud (Lithofacies 4) intervals, frequent mud lam-
inations (Lithofacies 1) and less frequent thin
bedded sand (Lithofacies 2) that are beyond the
resolution of sub-bottom profiles, as well as
thick-bedded sand (Lithofacies 3). Cores 33, 107,

Fig. 5. Logs of cores from locations
on: (A) the proximal delta-front
channel and lobe; and (B) the upper
part of the mid-slope. See Fig. 1 for
core locations and Table 2 for
description of facies 1 to 5. Cores
are shown with increasing distance
from the Squamish Delta.
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34 and 106 returned thick-bedded sand (Lithofa-
cies 3) at depth which are interpreted as depos-
its from the early 1900s based on projected
pXRF data (see below) (Figs 6 and 10).

Distal ponded basin
Based on sediment core interpretation, the con-
tinuous, parallel, high amplitude reflections of
the ponded basin correspond to thick-bedded
sand (Lithofacies 3) ranging in thickness up to
1 m (Figs 7 and 11) interbedded with thicker
intervals of mud (Lithofacies 4). The continuous,

parallel reflections allow for correlation between
cores throughout the ponded basin.
The blocky debris lobe south of the Britannia

Fan was sampled in Core 32. It comprises thick
chaotic, clast-rich clay (Lithofacies 5) intervals
separated by hemipelagic muds (Lithofacies 4).
These hemipelagite intervals may indicate mul-
tiple stages of failure (Figs 4 and 11). Alterna-
tively this hemipelagic interval could be mud
rip-up clasts. The distal part of the debris flow
is covered by 63 cm of more recent interbedded
Lithofacies 1, 2 and 4 deposits.

Fig. 6. Logs of cores from locations
on the mid-slope. See Fig. 1 for
numbered core locations and
Table 2 for description of facies 1 to
5. Cores are shown with increasing
distance from the Squamish Delta.
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Dating and age control

Geochemical signature from Britannia Creek
Mine
Mining activity at the Britannia Mine left a
distinct signature of anomalously high heavy
metal concentrations in the fjord sediment

(Drysdale, 1990). Copper and zinc are both
readily detectable by means of pXRF. High
background levels of these elements occur in
all cores analyzed (Fig. 12). Anomalously high
copper concentrations occur in tandem with
zinc concentrations, with total copper amounts
usually being higher. In this contribution,

Fig. 7. Logs of cores from the distal
ponded basin. See Fig. 1 for
numbered core locations and
Table 2 for description of facies 1 to
5. Cores are shown with increasing
distance from the Squamish Delta.
Correlation of debris-flow deposit
(Lithofacies 5) shown in orange and
correlation of the most recent basin-
wide thick sand bed (Lithofacies 3)
in blue.

Fig. 8. Huntec sub-bottom profile of
northern delta-front channel and
lobe. See Fig. 1 for location of cores
and sub-bottom profile. The seabed
is characterized by pervasive
bedforms. Buried bedform crests
step-up towards the north-east
against flow direction. Core logs are
shown in Fig. 5.
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copper is used as a proxy for all Britannia
Mine heavy metals that were introduced into
the Howe Sound marine depositional environ-
ment.
This study groups copper anomalies into three

categories; background, medium or high
(Fig. 12). Background levels include concentra-
tions up to 80 ppm. This boundary is based on
the background copper concentration of Howe
Sound sediments, as determined by Thompson
& Paton (1976) and as confirmed by Drysdale
(1990). Medium concentrations comprise copper
values from 80 to 220 ppm. High concentration
copper values extend from 220 to 1805 ppm.
High copper values above 220 ppm form their
own distinct log-normal population, so this was
selected as the boundary between the medium
and high groups.
Core 30 and all other down-fjord cores are

characterized by a thick interval of elevated cop-
per concentrations (Figs 1 and 12). Up-fjord of
Core 30 there is no signal of elevated copper,
likely due to a combination of factors: (i) trans-
port of contaminated material from Britannia
Creek did not effectively reach this far up the
fjord; and (ii) higher sedimentation rates closer
to Squamish Delta diluted the copper concentra-
tion and result in a thicker amount of material

burying the copper unit. The base of the ele-
vated copper interval occurs in cores at depths
greater than 2 m. The elevated interval was
likely deposited during the time of the Britannia
copper and zinc mine activity, and the base is
interpreted to represent the start of mining in
1898. The upper part of these basin cores typi-
cally returns to background values (Fig. 12). Dis-
posal of active mine tailings occurred until the
mine closed in 1974, with full remediation
beginning in 1997. The authors thus infer that
the upper ca 10 cm to 2 m of sediment with
background copper concentrations (from basin
cores to mid-slope cores, respectively) was
deposited some time after 1974.

Radiocarbon – distal ponded basin
Two organic samples were analyzed for radio-
carbon dating (Table 2). Both samples were
extracted from Core 105 from a depth of 902 cm
(Fig. 7). In order to establish a depth that
excludes thick instantaneously deposited event
beds, an EFD (Ramsey et al., 2012), sand inter-
vals and their mud tops were subtracted from
the total depth resulting in a depth of 548 cm.
The calibrated age modelled from both samples
is 445 � 12 cal BP which results in a background
sedimentation rate of 1�10 cm yr�1.

Fig. 9. Huntec sub-bottom profile of the upper mid-slope. (A) Bedforms are pervasive, generally of a longer wave-
length than those of the channel lobes. Inset shows Core 30 (graphic log in Fig. 4). (B) Bedforms are shown with
upflow migrating crests (direction of migration shown with arrows). See Fig. 1 for location of cores and sub-bot-
tom profiles. Core logs are shown in Figs 5 and 6.
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Excess 210Pb age dating – distal ponded basin
Nineteen samples were analyzed from the top
79 cm of Core 103 (ponded basin) (Fig. 13). Sam-
ples in the top 12 cm showed evidence of biotur-
bation and were excluded from the age model.
Samples between 26 cm and 32 cm, 44 cm and at
79�5 cm were also excluded due to their proxim-
ity to event beds and a large crack in the sediment
core. Removing these reworked samples results
in a slope of 0�0293 and an R2 value of 0�7998,
indicating a sediment accumulation rate of
1�06 � 0�06 cm yr�1 (Fig. 13).

Calculation of sedimentation rate in distal
ponded basin
The radiocarbon date produces a sedimentation
rate that is comparable to the 210Pb sediment
accumulation rate, and dates derived using the
increase in copper concentrations from Britannia
Creek Mine. For instance, using the 210Pb method
in Core 103, a date of ca 1885 � 7�5 years was

assigned to the base of the high copper concen-
tration unit. This corresponds approximately to
the 1898 AD start of activity at the Britannia
Mine. This consistency increases confidence in
the age dating, and indicates that the effect of
compaction and local erosion are not signifi-
cant.
The timing of major event beds over the past

100 years in the distal basin are calculated by
applying the accumulation rate of 1 cm yr�1

obtained in Core 103 to other basin cores. The
most recent basin-wide thick sand bed (Lithofa-
cies 3) was emplaced in ca 1928 (Fig. 7; Table 4).
The top of the debris-flow deposit (Lithofacies 5)
in Core 31 (Fig. 7) has an estimated age of 1963,
whilst the recurrence interval of the last four
thick-bedded sands in Core 105 is ca 100 years.
The largest basin-wide debris-flow deposit (Litho-
facies 5) is covered by ca 30 m of basin fill
(Fig. 11). Applying the sediment accumulation
rates deduced from 14C analysis at Core 105 this

Fig. 10. Huntec sub-bottom profile of: (A) lower mid-slope; and (B) transition to ponded basin. See Fig. 1 for loca-
tion of numbered cores and sub-bottom profile. The seabed is characterized by pervasive bedforms on the mid-
slope, except for low gradient area near Cores 107 and 33. Bedforms are draped showing no evidence of upflow
migration. The ponded basin comprises sub-parallel reflectors. Core logs are shown in Figs 6 and 7.
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study estimates an age of 1200 cal BP for the deb-
ris-flow deposit (Table 4).

Dating via repeat bathymetric surveys –
Squamish Delta
Repeat bathymetric surveys constrain changes in
sea floor elevation and hence date deposits
emplaced during the last five years in proximal
channels and lobes of the Squamish Delta
(Hughes Clarke, 2012; Hughes Clarke et al.,
2012). Changes in elevation in excess of 1 m
occurred during a few months in 2011, suggest-
ing that the deposits in the 2 to 4 m long cores
herein from these areas were deposited (or
reworked) during the last few years. Multibeam
surveys were conducted on a lower frequency of
the mid-slope area by Hughes Clarke et al.
(2012) and sedimentation rates are estimated to
be 5 to 10 cm yr�1 at 200 m water depth.

Frequency of flow deposits

Flow frequency is determined using counts of
flow events, which varies between different types
of direct monitoring and core analysis. The num-
ber of events is most accurately measured by
ADCPs with sub-minute accuracy (Hughes Clarke
et al., 2012). During the 2011 survey of Hughes
Clarke et al. (2012), repeat multibeam surveys
were conducted every weekday, and counted 103
events in the three active delta-front channels.
These results may underestimate the number of
events if there were flows during the weekends
and if multiple events occurred in the same chan-
nel within a few hours. The greatest uncertainty
in event counts comes from sediment cores,
where an event was counted if there was an inter-
val of turbidite sand or mud that is separated by
hemipelagite mud. Uncertainties arise through

Fig. 11. Huntec sub-bottom profile of the distal ponded basin. See Fig. 1 for location of cores and sub-bottom pro-
file. (A) Termination of the debris-flow unit from the fjord wall that is penetrated by Core 32. The surface of this
debris flow comprises large blocks draped by recent sedimentation. (B) The ponded basin comprises sub-parallel,
high-amplitude and laterally continuous reflectors extending to great depth. Core logs are shown in Fig. 7.
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identification of hemipelagite (although it tends
to have a high biogenic component and different
colour to turbidite mud). Earlier deposits may be
eroded or amalgamated by later flows leading to
an underestimate of events. Such erosion and
amalgamation may affect the proximal lobe cores
to the greatest degree. The top of the elevated cop-
per unit served as an isochron to estimate flow
frequency at different core positions. A value of
20 years is used based on the sediment accumula-
tion at Core 103 above the elevated copper inter-
val (this time corresponds to the remediation in

the 1990s). Turbidite sand and mud layers (Litho-
facies 1, 2 and 3) that occur above the elevated
copper unit were counted by visual inspection of
cores and are summarized in Table 5. Thick sand
beds (Lithofacies 3) only occur in Core 30, the
most proximal core analyzed with pXRF. Thin
sand beds (Lithofacies 2) occur on average once
each year or more in mid-slope Cores 30, 28 and
27. This number drops dramatically after the
slope break that occurs mid-slope. Laminations
(Lithofacies 1) tend to decrease in frequency with
distance from the Squamish Delta (except for

Fig. 12. Changes in copper content of mid-slope and ponded basin cores. See Fig. 1 for location of numbered
cores. Black correlation lines show top and base of elevated copper interval in cores, with more uncertain bound-
aries shown by dashed lines. See main text for discussion of how copper anomalies are linked to activity at Bri-
tannia Mine, and how they provide age dating of cores. Britannia Fan is between cores 106 and 32. Shaded fill
shows the debris-flow deposit which has background levels of copper.
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Core 30 where there are fewer laminations than
other cores on the mid-slope) and are deposited
throughout the system.

Spatial changes and organization of deposit
types

There is a general fining and thinning of sand
beds with distance from the Squamish Delta

(Figs 1, 5 to 7 and 12), accompanied by a
decrease in event frequency. The distal ponded
basin is an exception to this, because thick-
bedded sands (Lithofacies 3) in this location are
thicker than in some places on the mid-slope.

Channelized delta-slope
Sediment cores recovered from the northern
channel and lobe comprised exclusively massive
thick-bedded sands (Lithofacies 3) in the upper
240 cm below the sea floor (also see Hage et al.,
2018). Lithofacies 3 beds are coarse and poorly
sorted sand, containing mud rip-up clasts. Based
on flow monitoring, these massive sand beds
appear to be the result of supercritical flows that
caused up-slope bedform migration (Hughes
Clarke et al., 2012; Hughes Clarke, 2016).

Mid-slope
A 40 to 80 cm thick sand bed (Lithofacies 3)
immediately underlies the sea floor in cores
from the upper mid-slope (Cores 159, 162, 163
and 29, Figs 5 and 6) indicating a recent flow.
A thin Lithofacies 2 bed at the surface of Cores
27, 28 and 33 may be the distal expression of
this thick bed. This deposit did not reach Core
107. The lower parts of these cores are com-
prised of mud laminations (Lithofacies 1) and
thinly-bedded sand (Lithofacies 2) interbedded
with thick-bedded sand (Lithofacies 3) or hemi-
pelagic mud (Lithofacies 4). A change in sedi-
mentation occurs in the lower mid-slope cores
(for example, Cores 107, 34 and 106, Fig. 6)
where beds in the top 1 m become thinner and
finer grained. Millimetre-scale mud laminations
(Lithofacies 1) are frequent with some thin sand
beds (Lithofacies 2). Thick sand beds (Lithofa-
cies 3) are present at depth, and are interpreted

Fig. 13. Log (excess 210Pb) slope results in a sediment
accumulation rate of 1�06 � 0�06 cm yr�1. All data
points are shown, however the sediment accumula-
tion rate excludes data from intervals that have been
reworked through bioturbation or event beds (re-
moved intervals shown in grey).

Table 4. Estimated age of major sand beds and mass transport deposits (MTDs) in distal basin (based 210Pb sedi-
ment accumulation rates and 14C dates from cores).

Feature Description Date (approximate) Dating technique

Core bed 5 Muddy debris flow (Lithofacies 5) 1963 � 2�8 210Pb Core 103 applied to Core 32

Core bed 4 Most recent basin-wide sand bed
(Lithofacies 3)

1928 � 4�9 210Pb Core 103

Core bed 3 Sand bed (Lithofacies 3) 1890 � 7�2 210Pb Core 103 applied to Core 105

Core bed 2 Sand bed (Lithofacies 3) 1827 � 11�0 210Pb Core 103 applied to Core 105

Core bed 1 Sand bed (Lithofacies 3) 1671 � 20�4 210Pb Core 103 applied to Core
105 and 14C Core 105

Acoustic
bed 1

Largest buried MTD (Lithofacies
5, Fig. 11B)

1200 cal BP

(estimated)

14C Core 105 projected to depth of
deposit at 30 m in acoustic record
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as deposits from events in the early 1900s. Time
equivalent beds were not reached in cores from
the upper mid-slope. Thick-bedded sands
(Lithofacies 3) in slope cores generally grade
from medium to fine sand, have a higher degree
of sorting than the channelized delta-slope and
sometimes contain mud rip-up clasts.

Ponded basin
Cores from the flat, distal basin mainly comprise
thicker intervals of hemipelagic mud (Lithofa-
cies 4) than on the slope with fine-grained
laminations (Lithofacies 1, typically clay) and
thin-bedded sands (Lithofacies 2) (Fig. 7). How-
ever, they also contain thicker massive or graded
sand beds (Lithofacies 3), which are laterally
extensive and can be correlated between core
sites. Thick sand beds (Lithofacies 3) in the
basin are finer than on the slope and are better
sorted with rare mud rip-up clasts.

Sources of flows

It is important to first determine the source of
flows, if their spatial evolution is to be understood.
Trains of bedforms that extend from proximal
delta-front channels show that flows in the north-
erly part of the system originate from the the
Squamish Delta. However, the thick sand beds in
the distal basin may have originated either from
Squamish Delta or Britannia Fan. For three reasons
the authors favour a source from the Squamish
Delta. First, there are continuous bedforms from
the Squamish Delta down to the base of the slope,
indicating that the Squamish Delta flows are cap-
able of travelling >10 km to reach the distal basin.
Second, the Squamish Delta is a large sandy sys-
tem that would serve as a source for the large vol-
ume of sand required to cover the entire distal

basin with up to 1 m of sand – an estimated 5 to
10 9 106 m3 based on thick sand deposits (Litho-
facies 3) in the basin. One of the headscarps along
the southern margin of the current Squamish Delta
lip has an estimated volume of 5�9 9 106 m3. The
Britannia Fan is a much smaller system that lacks
the volume of sediment required for the thick sand
deposits throughout the basin. The large gully on
the fjord wall just south of Britannia Creek has an
estimated volume of only 5�8 9 105 m3. Third,
due to the short distance between the fan and the
nearest core, Britannia Fan seems unlikely to be
responsible for the deposition of such well-sorted,
fine sand beds. If the first hypothesis is correct,
then the most recent thick sand bed (Lithofacies 3)
in the distal basin cores originated from the
Squamish Delta.

DISCUSSION

This study initially outlines how the frequency
and character of the flows varies with distance.
The main controls on flow frequency and beha-
viour are then discussed, focussing on: (i)
whether flows ignite or dissipate; (ii) where and
why flow is supercritical or subcritical; and (iii)
whether flows form a gradual continuum with
distance, or are bimodal. It concludes by dis-
cussing how thick beds in the distal basin may
record tsunamigenic landslides, earthquakes or
major floods.

Variations in flow frequency and character
down the system

Proximal channels of the Squamish Delta
The proximal channels are highly active with
over 100 events recorded by repeat surveys in a

Table 5. Number and frequency of flow deposits in the last 20 years in mid-slope cores. Isochron determined
using depth of burial by background level copper activities over elevated copper interval (see Figs 12 and 15).
Core locations are shown in Fig. 1.

Core
Distance from
Squamish Delta (m) Slope (°)

Top of copper
unit (cm)

Total number of events
in last 20 years

Average number of events
per year

F1 F2 F3 Total F1 F2 F3 Total

30 3200 2�5 182 40 65 2 107 2�00 3�25 0�1 5�35
28 4975 2�2 186 114 92 0 206 5�70 4�60 0�0 10�30
27 6160 2�7 173 109 22 0 131 5�45 1�10 0�0 6�55
33 6885 0�3 102 96 7 0 103 4�80 0�35 0�0 5�15
107 7146 0�3 43 82 1 0 83 4�10 0�05 0�0 4�15
34 8808 0�6 34 47 1 0 48 2�35 0�05 0�0 2�40
106 10 539 0�6 11 39 0 0 39 1�95 0�00 0�0 1�95
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few months (Hughes Clarke et al., 2012). These
often powerful flows (Hughes Clarke, 2016) cause
substantial (up to 10 m day�1) translation of 2 m
high bedforms in the proximal delta-front chan-
nels (Fig. 14; Hughes Clarke et al., 2012; Hizzett
et al., 2017). These bedform-displacing events are
triggered by failure of the steep and sometimes
rapidly prograding delta-lip, or by settling of sand
from a surface plume that episodically creates
denser near-bed flows (Hughes Clark et al., 2014).
Water column measurements show that the upper
parts of these channel flows are relatively dilute
(<0�03% sediment volume) and may be prone to
lofting, but the events are driven down-slope by
denser near-bed flow (Hughes Clark et al., 2014).
The character of this near-bed flow is poorly doc-
umented, but it is able to episodically transport
heavy (24 to 36 kg) blocks for several hundred
metres. Deposition of massive sand intervals
within the channel thalweg also suggests elevated
near-bed sediment concentrations (Talling et al.,
2012), and this is consistent with imaging of den-
ser near-bed layers (Hughes Clarke, 2016). These
channelized flows are supercritical and produce
trains of up-slope migrating bedforms, or cyclic
steps (Cartigny et al., 2011; Hughes Clarke et al.,
2012, Hughes Clarke, 2016; Hage et al., 2018).
Some of the most powerful and longest runout
events are caused by sediment settling from sur-
face plumes, rather than slope failure, at least
over sub-annual timescales (Hizzett et al., 2017).

Channel-mouth lobes
Less than half (ca 40%) of the often powerful
channelized flows in the northern active channel
reach an ADCP mooring site on the corresponding
distal lobe (Figs 1B and 14; Hughes Clarke et al.,
2012), which is located just ca 500 m from the
northern channel mouth. This suggests that many
flows decelerate and die out within only a few
hundred metres of the channel termination. The
flows had speeds of 50 to 150 cm sec�1 at the
ADCP site, were 5 to 15 m thick and lasted for
about an hour (Hughes Clarke et al., 2012). The
most powerful flows caused bedforms to move
and were most likely supercritical as bedforms
migrated up-slope. At this location, flows may
rapidly lose competency once they exit the con-
fined channels and deposit their sediment load
on the lobes, producing thick sand beds.
Cores from the lobes show that some of the

more powerful flows deposited thick massive
sand beds (Lithofacies 3) and most likely had
high near-bed sediment concentrations (Fig. 5).
Core 157, at the ADCP site, shows repetitive

thick-bedded sands (Lithofacies 3) interbedded
with thin-bedded sand (Lithofacies 2) and hemi-
pelagic mud (Lithofacies 4) (Fig. 5). The thin
intervals of hemipelagic mud (Lithofacies 4) that
separate sand beds probably indicate that very
little time passed between events. There is
likely to be some amount of erosion of hemipe-
lagic intervals that has occurred with each pow-
erful event, as the lobe is mainly an area of
sediment bypass (Hughes Clarke, 2016), but sur-
veyed changes in sea floor bathymetry suggest
that the lower 2 m of this core probably repre-
sents less than one summer of sedimentation.
This sandy sequence is buried by slower,
muddy deposition during the winter months.
This facies association agrees with observations
from the ADCP site (Hughes Clarke et al., 2012)
that showed at least 20 events over the summer
months and a less active period before May and
after August.

Mid-slope
Thin deposits dominate the mid-basin cores
with some thick-bedded sands (Lithofacies 3),
especially proximal to the lobes (Figs 6 and 14).
Cores 159 to 34 range in distance from 1�0 to
7�5 km from the channel mouths (Figs 5 and 6).
There is a down-fjord transition from thick-
bedded sands (Lithofacies 3) near the lobes to
predominantly thin sand and mud laminations
(Lithofacies 1) with thick intervals of hemipela-
gic mud (Lithofacies 4). The deposition of very
thick sand beds (Lithofacies 3) with mud rip-up
clasts at Core 159, 1 km from the channel
mouths, indicates that some of the more power-
ful flows observed on the lobe deposit also reach
this distance. The transition is rather pro-
nounced at Core 30, located 2 km away from the
channel mouths, where there are only three
thick sand beds (Lithofacies 3) but many thin
sand beds (Lithofacies 2) (Fig. 5). This transition
indicates that at this short distance beyond the
lobes most flows were relatively weak and fine-
grained. This rather abrupt transition is some-
what surprising given the powerful (up to 2 to
3 m sec�1) nature of flows a few kilometres up-
fjord in the proximal channels and lobes. All
slope cores show a record of at least one thick
sand bed (Lithofacies 3), indicating occasional
high concentration flows in both the upper and
lower mid-slope. More widely spaced, up-slope
migrating bedforms (such as those in Fig. 9B)
suggest that mid-slope flows were also supercrit-
ical, although such bedforms are not developed
on the flat mid-slope section.
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Distal ponded basin
Flows that reached the distal basin experi-
enced an abrupt and significant decrease in
slope from ca 0�4° to 0�05° (Fig. 14). The lack
of bedforms in the distal basin suggests a tran-
sition to subcritical flow, or flow that was too
weak to generate bedforms. Mud laminations
(Lithofacies 1) are common through the entire
slope and extend through the flat basin, indi-
cating that dilute flows did reach the distal
extent of the system. The down-fjord transition
from sand beds to laminations is an indication
of flow deceleration and the transition from
high concentration, dense flow conditions to
dilute flow conditions. The mud laminations
(Lithofacies 1) probably represent the distal
expression of flows from the Squamish Delta.
More voluminous and powerful flows that car-
ried sand reached the distal basin roughly
every hundred years. The powerful basin plain
flows deposited massive sand, and thus most
likely had relatively high near-bed sediment
concentrations.

Large-scale failure of the fjord walls
The most recent large-scale failure of the fjord
wall to the south of the Britannia Fan produced
a distinctive blocky landslide deposit with a
limited lateral extent. This event is estimated to
have occurred in the 1960s, a time frame where
four floods occurred within four years (Table 1).
Cores show that this landslide deposit com-
prises chaotic units of glaciomarine clay sepa-
rated by silt and sand laminations indicating
multiple stages of failure.

What controls down-system changes in flow
frequency and character?

Where and why do flows dissipate?
It has been proposed that turbidity currents may
have two main types of behaviour (e.g. Parker,
1982). First, flows that erode become denser and

faster, a process termed ignition. Second, flows
that decelerate will tend to deposit sediment
and therefore slow down even further, a positive
feedback called dissipation. A striking observa-
tion is that numerous flows die out across only
a few hundred metres on the channel-mouth
lobes (Figs 14 and 15; Table 5). There is a
change from hundreds of powerful events per
year in the proximal delta-front channels, to
around 20 events per year on the lobe, to just
two to five events per year on the mid-slope
(Figs 14 and 15). This shows that many flows
dissipate rapidly over short distances, once they
become unconfined. It may also be linked to the
relative coarse-grained (sandy) material trans-
ported in the proximal system (Hage et al.,
2018), which can settle out rapidly once flows
decelerate. Some flows may ignite within the
proximal channels on the delta front, but there
is little evidence for ignition (increases in flow
power with distance) across the lobes and mid-
slope. Once beyond the confined channel there
is likely to be a dilution of flows due to sedi-
ment deposition and water entrainment (Car-
tigny et al., 2011). Flow dilution has been
linked to decreasing slopes elsewhere and is
associated with increased bedform wavelength
(Normandeau et al., 2016).

Supercritical and subcritical flow
There is ongoing debate about the relative
importance and extent of supercritical and sub-
critical flow in turbidity currents. Recent work
has proposed that supercritical flows are
commonplace (e.g. Postma & Cartigny, 2014;
Covault et al., 2017) and that it is recorded by
up-slope migrating bedforms in many locations
worldwide (Symons et al., 2016). There appear
to be two scales of up-slope migrating bedforms
in global compilations; coarse bedforms in con-
fined channels, and finer-grained bedforms on
unconfined slopes (Wynn & Stow, 2002;
Symons et al., 2017).

Fig. 14. Summary of the key features of the Howe Sound fjord system combining results from this study with
direct monitoring of flows on proximal delta-front channels and lobes (Hughes Clarke, 2012; 2016; Hughes Clarke
et al., 2012; Clare et al., 2016). Schematic diagram showing: (i) simplified sea floor morphology: ‘A’ active chan-
nels with cyclic steps; ‘B’ lobe deposits with active sinuous bedform migration; ‘C’ relict channels; ‘D’ mid-slope
with continuous bedforms; ‘E’ flat mid-slope section with featureless sea floor; ‘F’ irregular seabed scours; ‘G’
lower mid-slope with continuous bedforms; ‘H’ Britannia Fan with channel and active bedforms; ‘I’ blocky debris
lobe; ‘J’ flat distal ponded basin with featureless sea floor; ‘K’ fjord wall slide scars; ‘L’ Porteau Cove Sill; (II) lon-
gitudinal profile with average slope gradient and core positions; (iii) simplified core logs which represent changes
in depositional characteristics on different basin zones with a dashed line showing change in deposition based on
the past 20 year post-mining interval.
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In Howe Sound, it is apparent that up-slope
migrating bedforms (and therefore supercritical
flow) are widespread both in the proximal chan-
nels and on the unconfined mid-slope. Supercriti-
cal bedforms in proximal channels are coarser
grained and form amalgamated massive sand lay-
ers (Hage et al., 2018), whilst those on the mid-
slope are both finer-grained and thinner bedded.
There is a strong correlation between supercriti-
cal flow and sea floor gradient (Fig. 13). Up-slope
migrating bedforms are generally absent on gradi-
ents of <0�4°, which occur in flatter parts of the
mid-slope and in the distal basin (Fig. 3). There is
often a sharp termination to zones characterized
by pervasive up-slope migrating bedforms, where
sea floor gradient undergoes a major change from
ca 0�4° to 0�05°. This may be the location of a tran-
sition from subcritical flow via a hydraulic jump
(Postma et al., 2009; Covault et al., 2017). If this
is the case, these hydraulic jumps are not associ-
ated with discernable sea floor scours – as has
been suggested to be the case in other locations
(Macdonald et al., 2011; Dorrell et al., 2016).

Are flow frequency and character bimodal?

Flow frequency declines continuously from the
delta front to the mid-slope, but it appears to be

distinctly bimodal in the distal basin. The first
mode is represented by frequent laminated
muds (Lithofacies 1), formed by dilute flows
from the Squamish Delta at a rate of about one
flow each year. These flows appear to be the dis-
tal parts of events coming from the Squamish
Delta, whose frequency decreases with distance.
The second mode comprises much thicker
bedded sands (Lithofacies 3), which are
emplaced roughly every 100 years in the distal
basin (Fig. 7). Their volume suggests that these
mega-beds are mostly sourced from distinctly
larger scale failures on the Squamish Delta (see
section on Sources of flows). Previous work has
suggested that submarine canyon systems expe-
rience two scales of event, which either fill or
flush the canyon and may be related to different
triggering mechanisms (Arzola et al., 2008; Allin
et al., 2016). Similar bimodality of flows occurs
in this fjord-delta system.

Delta avulsion, system adjustment and origin
of thick sands

The Squamish River underwent a major avulsion
in 1971 due to a training dyke (Hickin, 1989). The
seabed records evidence of lengthier channel sys-
tems that are now infilled, which are associated
with that pre-avulsion Mamquam channel mouth
(Fig. 1B). It is possible that the system is still
adjusting to the avulsion that occurred 47 years
ago, and channel systems may continue to grow.
This can be determined by further time lapse sea
floor mapping.
A cluster of deeply buried thick sands occur

in the lower parts of Cores 34 and 106 in the
mid-slope (Figs 1 and 6). It might be proposed
that these thick sands were deposited near the
mouth of an older and more extensive channel
system. However, the dating for this study sug-
gests that these sands pre-date the 1971 avulsion
of the Squamish River, so their significance is
uncertain. The 1971 river avulsion cannot
explain the most recent thick sand layers (Litho-
facies 3) in the distal basin (Fig. 7) which was
emplaced in ca 1924.

Significance of large-magnitude events for
geohazards

Did the most recent large landslide produce a
thick sand bed?
The most recent blocky landslide deposit is
clearly imaged by the deep-towed sub-bottom
profiler, and the adjacent core from the distal

Fig. 15. Changes in the frequency of flows with dis-
tance from the delta crest (Table 5), subdivided by the
types of Lithofacies that they produce. Data points clo-
ser than 2 km to the delta lip show flow frequency from
repeat bathymetric mapping and acoustic Doppler cur-
rent profilers (ADCP) mooring on proximal delta-front
channel and lobe (from Hughes Clarke et al., 2012).
Data points beyond 2 km show average annual flow fre-
quency determined from a 20 year interval after mining
from cores on mid-slope and distal ponded basin.
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basin can be compared to this reflection strati-
graphy (Core 32; Figs 7 and 11). This compar-
ison shows that the last major landslide,
occurring at an estimated date of 1963 on the
fjord wall, is more recent than the last major
sand bed in the distal basin. This sand bed is
therefore not a record of the last major landslide.
This suggests that not all large failures are
recorded by basin-wide mega-beds, which has
important implications when using mega-beds
to infer frequencies of basin-margin failures,
tsunamis and earthquakes (Piper et al., 1999;
Goldfinger, 2011; Atwater et al., 2014).

Are there links between thick sand beds and
tsunamis, or other hazards?
It is important to understand whether larger-
volume events in the last 100 years have gener-
ated dangerous tsunamis. One large volume
thick sand bed (Lithofacies 3) and the blocky
debris flows (Lithofacies 5) from just south of
the Britannia Fan were emplaced in the last
100 years. The margins of Howe Sound have
been populated in the last 100 years, but no tsu-
namis have been reported. Therefore, these lar-
ger-volume events do not appear to have
produced noteworthy tsunamis. The debris-flow
deposit south of Britannia Fan has a volume suf-
ficiently large to have potentially been tsunami-
genic (comparable in volume to tsunamigenic
slides in Kitimat, Canada, and Statland, Norway
(Golder Associates, 1975; Glimsdal et al., 2016).
An interval of hemipelagic mud (Lithofacies 4)
in Core 32 occurs between thick intervals of
chaotic debris-flow deposition (Lithofacies 5)
(Fig. 4) suggesting that the fjord wall slide did
not occur as a single event, but probably
occurred in a sequence of retrogressive failures
involving smaller volumes than the total debris
lobe. If the hemipelagic interval is a mud rip-up
clast, however, single event volumes would be
much larger.
The effect on the coastal infrastructure must

also be considered in the discussion of large
magnitude landslides. Delta-lip failures in 2011
have volumes ranging from 20 to 150 000 m3

(Hughes Clarke et al., 2012) and these events
produced no tsunami risk to infrastructure. The
sand layers in the distal basin have volumes (5
to 10 9 106 m3) that are one or two orders of
magnitude larger, and may pose a larger tsunami
hazard.
Much older buried MTDs are apparent in the

distal basin (Fig. 11B). These deposits have
similar acoustic character to the debris-flow

unit (Lithofacies 5) which, in Core 32, was
shown to be a chaotic clay unit. Of the buried
MTDs, one is orders of magnitude larger than
the others and has an areal extent that appears
to cover the ponded basin (Fig. 11B). The lat-
eral extent, volume and origins of this giant
slide deposit are unclear at this time, but based
on the few acoustic lines available the large
slide is thickest in the south suggesting possi-
ble origins from the Porteau Cove Sill. This
large event is estimated to have occurred ca
1200 cal BP based on application of radiocarbon
sedimentation rates from Core 105. Two smaller
MTDs are stacked above, both of which are
much smaller in scale but may be of similar
origin (Fig. 11B).

Do thick sand beds in the distal basin record
major earthquakes?
It has been suggested that large turbidites may
be a record of major earthquakes, which trigger
large slope failures (Piper et al., 1999; Goldfin-
ger, 2011). However, the last major slope failure
appears not to have generated a thick sand bed
(Lithofacies 3) and the last thick sand bed does
not correspond to a major earthquake. Two
major earthquakes have occurred in the last ca
100 years (Table 1) and, at most, only one of
these earthquakes could be linked to a thick
sand bed (Lithofacies 3). The M7�3 Courtenay
earthquake of 1946 was felt in Victoria and Van-
couver; however, an earthquake of this magni-
tude is not expected to have had much effect on
sediment stability at distances greater than
100 km from the epicentre (Rogers, 1980). The
last megathrust earthquake on the Cascadia Sub-
duction Zone occurred in 1700. At Core 105 in
the distal basin there is one very thick sand bed
(Lithofacies 3) at 6�5 m below sea floor that
roughly corresponds to this date (ca 1671 � 20�4
based on application of the 1 cm yr�1 sediment
accumulation rate that is approximately agreed
between 210Pb in Core 103 and 14C in Core 105
to event-free depth (EFD) of Core bed 1;
Table 4). The sand bed is 95 cm thick, which is
30 cm thicker than other thick sand beds (Litho-
facies 3) in the core. However, it is uncertain
whether this thick sand bed (Lithofacies 3) is
related to seismic forcing and further analysis is
required. This increased thickness could be the
result of multiple stages of failure, or could be
related to a basin resonance effect where the tur-
bidity current is reflected off of the fjord walls
or the Porteau Cove Sill (Lamb et al., 2006;
Toniolo et al., 2006; Patacci et al., 2015).
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SUMMARY AND CONCLUSIONS

There are few studies to have monitored turbid-
ity currents in action, and even fewer studies
that have linked flow observations to deposits.
This article provides one of the most complete
studies yet of a turbidity current system that
extends from source to sink, and combines mon-
itoring, deposits and shallow seismic data. This
study in Howe Sound shows how the frequency
and character of flows changes with distance,
and provides insight into what controls those
changes. The proximal part of the system is
highly active, with more than 100 events in
channels that extend for ca 1�5 km across the
delta front. These flows are often powerful (2 to
3 m sec�1), with around half of the flows reach-
ing the lobes. However, once these flows become
unconfined they tend to dissipate rapidly over a
few hundred metres. This results in only one to
five flows per year on the mid-slope, which
extends up to 8 km from the delta front
(Table 5). Upflow migrating bedforms show that
supercritical flow is widespread on gradients
>0�4°, both within confined proximal channel
and on the unconfined lobes and mid-slope. A
sharp decrease in slope from 0�4° to 0�05° sepa-
rates the mid-slope from a distal basin floor,
where flow was most likely subcritical. The dis-
tal basin has two scales of flow deposit (lamina-
tions and mega-beds) that indicate that flows
were bimodal. Thick sand mega-beds (Lithofa-
cies 3) in the distal basin most likely record
unusually large mass wasting events on the
Squamish Delta, which occurred on average
every 100 years over the past 500 years. How-
ever, the most recent large fjord wall failure
does not appear to have produced a basin-wide
mega-bed or noteworthy tsunami. This study
therefore provides new insights into what con-
trol turbidity current frequency and dissipation,
where flows are supercritical or subcritical and,
in this case, the limited extent to which distal
mega-beds record tsunamigenic slides or large
earthquakes.
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