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Executive Summary

Limited wind-driven current modelling and moored current measurements suggest the presence
of strong currents associated with the amplified Beaufort Shelf-break Jet (BSJ) on the Beaufort
shelf edge and upper slope. Zones of erosion and non-deposition have also been mapped along
the shelf break. However, knowledge of near-bed current intensity and erosion and transport of
sediments on the Beaufort shelf break and upper slope is lacking. This report addresses the lack
of near-bed current data and the gap in our understanding of the spatial distribution of bottom
currents and sediment mobility on the Beaufort shelf edge and upper slope through the
compilation and analysis of existing moored current data. The spatial patterns of bottom currents
and sediment mobility are compared with the mapped distribution of the erosion and non-
deposition zones for insights of the correlation between modern oceanographic processes and the
distribution of the erosion and non-deposition zones on the Beaufort shelf break and upper slope.

Mooring water-column and near-bed current data have been compiled from11 sites that occur in
water depths of 75—-660 m and span the entire Beaufort shelf break and upper slope
environments. The measured and extrapolated near-bed current data, largely at 6-10 m above
bottom, were analyzed and compared with the threshold for sediment erosion to derive a regional
framework of near-bed currents and sediment mobility on the Beaufort Shelf break and upper
slope. Events with maximum bottom currents of 60-80 cm/s periodically occur and maximum
sediment erosion frequency can reach 17% and 7% of the time on the Beaufort shelf break and
upper slope respectively. These estimates suggest that currents and sediment mobility on the
Beaufort shelf break and upper slope are greater than the mid- and outer shelf. The direction of
peak currents is roughly parallel to the local isobaths, predominantly to the NE and the ENE on
the central Beaufort shelf break. The bottom currents and inferred sediment mobility also show
strong seasonal and inter-annual variabilities.

Estimated near-bottom currents and sediment erosion frequency along cross-slope transects
demonstrate that currents and sediment erosion are the strongest along the shelf break and
decrease both seaward on the upper slope and landward on the outer shelf. The width of the
impact zone of the amplified Beaufort Shelf-break Jet currents is 20-25 km. Intensity of currents
and sediment erosion also decreases from the west to the east. These observations are in
qualitative agreement with the width and along-slope trend of the mapped erosion and non-
deposition zone, suggesting that the presence and amplification of the BSJ are responsible for
this seabed phenomenon.



1. Introduction

Limited wind-driven current modelling (Williams and Carmack, 2010) and moored current
measurements (e.g. Forest et al., 2007, 2008) suggest that strong currents can occur on the
Beaufort shelf edge and upper slope. Oil and gas industry expressed concerns on how current
strength and seabed instability may constrain their exploration and production operations (Steve
Blasco, personal communication, 2013). A shelf-edge zone of erosion has long been recognized
(Blasco et al. 2013, Woodworth-Lynas et al. 2016). Detailed mapping (King et al., 2016, 2017)
has further demonstrated the occurrence of the erosional zone as well as a non-depositional zone
that extend ~300 km along the shelf break and upper slope with a trend of decreasing widths
from the west to the east (Fig. 1). Several studies have analyzed site-specific data of currents,
sediment concentration, and particulate mass flux to suggest that the strong currents may be
responsible for the erosion of sediments on the Beaufort shelf edge and upper slope (e.g. Forest
et al., 2015; 2016). Based on limited bottom current data and the coincidence between the spatial
patterns of modelled shelf-edge currents and the distribution of the mapped erosion and non-
deposition zones, King et al. (2016, 2017) proposed a causal relationship between the erosion
and non-deposition zones and the amplified shelf-break currents. To date there has been no
systematic study of the spatial distribution of bottom currents, sediment mobility and transport
on the outer shelf and slope in the Beaufort Sea. Furthermore, most mooring observations to
date have been limited to current measurements at heights greater than a few tens to several
hundred meters above the seabed. Knowledge of near-bed (0 to a few meters above seabed)
current intensity and erosion and transport of sediments on the Beaufort shelf break and upper
slope is lacking.

The purpose of this report is to begin addressing the lack of near-bed current data and the gap in
understanding the spatial distribution of bottom currents and sediment mobility on the Beaufort
shelf edge and upper slope. Existing moored current data have been compiled and evaluated for
selected geographic areas along the Beaufort Shelf. Water column currents at some of the
selected sites have been extrapolated to near-bed currents. The existing measured and
extrapolated near-bed currents have been analyzed and compared with the threshold for sediment
erosion to systematically characterize the spatial distribution of near-bed currents and sediment
mobility along the Beaufort Shelf break and upper slope. The spatial patterns of bottom currents
and sediment mobility are then compared with the mapped distribution of the erosion and non-
deposition zones for insights of how the mapped erosion and non-deposition zones match with
modern oceanographic processes on the Beaufort shelf break and upper slope. Following the
Introduction, Section 2 provides a review of the state of the knowledge on dominant
oceanographic and sediment transport processes. The study methods and the analysis results of
the magnitude and frequency of near-bed currents and sediment mobility for various geographic
areas are presented in Section 3. The characteristics and distribution of the erosion and non-
deposition zones on the Beaufort shelf edge are described and its correlation with oceanographic
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Figure 1 Names and locations of the current mooring sites (stars) on the Beaufort outer shelf and
upper slope superposed on the mapped erosion and non-deposition zones (modified from King et
al. 2017) consisting of various geological units that are shown in the legend box and described in
text. Relevant information of the mooring sites is given in Table 1.

processes is explored in Section 4. The last section provides a summary of key findings of this
synthesis study.

2. State of knowledge on dominant oceanographic and sediment transport processes

A range of topographic regions will be referred to through out this report. Reviews of literature
and the gradient of depth change, as a function of offshore distance, have been used to define
shelf edge (break) as 80 — 100 m water depths, upper slope from 100 — 300 m water depths,
middle slope from 300 — 600 m water depths and the base of slope is at 2200 m water depth. The
definitions of topographic regions on the shelf follow Hill et al. (1991). The inner shelf is defined
in water depths <20 m, middle shelf from 20 — 60 m water depths and outer shelf from 60 — 80 m
water depth.

2.1 Water masses and circulation at the Beaufort shelf edge and upper slope

Waters of Pacific Ocean origin intrude the western Arctic Ocean through the Chukchi Shelf and
integrate with the Atlantic Waters that enter the Arctic Ocean through Fram Strait and flow
counter clockwise along the margin of the Arctic Ocean, to form three vertical layers in the
offshore of the Beaufort Sea (Coachman and Barnes, 1961; Carmack and MacDonald, 2002;
Forest et al., 2008). The relatively fresh Polar-Mixed surface layer (PML; <50 m depth with



salinity S<32%o) overlies the Pacific-derived halocline (PH, 50-200 m depth with 32<S<34)
overlying the deep and more saline Atlantic Waters (AW; >200 m depth with S>34.5).

Tidal currents in the Beaufort Sea are semi-diurnal but very weak, of the order of 2—3 cm/s
(Giovando and Herlinveaux, 1981). Hydrodynamics on the Beaufort shelf break and slope are
thus dominated by large-scale ocean circulation systems and regional meteorological-
oceanographic interactions. The surface ocean circulation over the shelf break and slope are
dominated by westward currents in the southern branch of the anticyclonic Beaufort Gyre
(Giovando and Herlinveaux, 1981; Carmack and MacDonald, 2002; Lukovich and Barber,
2006). The water reverses to cyclonic (flowing eastward) below the surface layer (Carmack and
MacDonald, 2002). The subsurface flow thus moves Pacific-origin waters eastward along the
continental slope within the Beaufort Shelf-break Jet (BSJ), formerly known as the Beaufort
Undercurrent (Aagaard, 1984). The BSJ is a narrow (20 km width) bathymetrically steered
eastward countercurrent following the shelf slope from around the 50 m isobath to at least the
base of the continental slope (Pickart, 2004). Recent studies have refined our understanding of
this circulation and suggest that the BSJ is more intense from about 50 to 200 m depth, resulting
in a narrow current (10—15 km width) trapped on the upper continental slope (Pickart, 2004;
Pickart et al., 2005; Forest et al., 2008; Nikolopoulos et al., 2009).

The Beaufort Gyre and BSJ are both highly sensitive to wind forcing (O’Brien et al., 2011).
O’Brien et al. (2006) suggest that the currents within the BSJ are subject to frequent reversals to
the west, which are normally associated with upwelling onto the outer shelf (Aagaard, 1984). On
a regional scale, circulation currents and the amplification of these currents are important on the
outer shelf and continental slope, while storm waves and wind-forced currents are more
dominant on the mid- and outer-shelf areas (IORVL, 2013). Currents are expected to be the
strongest at the shelf edge, while the circulation on the shelf is highly variable (Melling, 1993;
Kulikov et al., 1998; O’Brien et al., 2006).

2.2 Sediment sources and transport processes on the shelf

Sediments are predominantly supplied to the Beaufort Sea by the Mackenzie River delivering
~125 Mt yr'! of mainly fine grained sediment from which a substantial fraction (40% or 50 Mt)
is deposited in the delta, leaving 50 to 70% (~75 Mt) as sediments delivered to the inner shelf
(Hill et al., 1991; Macdonald et al., 1998; Carson et al., 1998; Osborne and Forest, 2016). Minor
contributions of sediment are derived from other rivers (1.5 Mt yr'!) and from the erosion of
coastal bluffs (5.6 Mt yr'!). The uppermost layer of the surficial sediments on the floor of the
Beaufort Sea comprises silty clay and fine sands ranging in thickness from a few centimeters on
the eastern shelf to several meters in the west (Blasco et al., 2013). The sediments discharged
from the river move across the shelf to the shelf edge and upper slope via cycles of deposition,
resuspension and transport that are mainly controlled by the extent of the open water, the



dispersal and transport by the turbid Mackenzie River plume during freshet, and the intense
resuspension and transport by strong waves and wind-driven currents associated with storms
(Hill et al., 1991; Macdonald and Yu, 2005; OBrien et al. 2006; OBrien et al. 2011). Through
integrating published sediment fluxes and recent mooring and ship-based measurement data,
Osbourne and Forest (2016) developed a model of sediment pathways for the Canadian Beaufort
Sea using the reverse analysis methodology. The model estimates that the initial annual delivery
of sediments from the delta to inner shelf is ~79 Mt. Of the 79 Mt supply, ~63 Mt (80% of the
annual delivery) is deposited on the shelf and ~15.2 Mt (20% of the annual delivery) are
exported beyond the shelf edge to the slope. Approximately 7 Mt of the 15.2 Mt that reached the
slope is deposited over the slope and ultimately ~8 Mt (10% of the initial annual delivery from
the delta) is exported to the deep basin.

The transport of suspended sediments within the Mackenzie River plume is strongly influenced
by ice cover, winds, and circulation currents (OBrien et al. 2006). Northwesterly winds drive the
plume eastward along the Tuktoyaktuk Peninsula (Giovando and Herlinveaux, 1981), whereas
southeasterly winds push the plume to the west out over the Mackenzie Trough (MacNeill and
Garrett, 1975). Under ice-free conditions, the plume can extend well into the Canada Basin
(Macdonald et al., 1998). During the open-water season, the Beaufort Sea shelf is mainly
influenced by wind-driven waves and currents (Hill et al., 1991; Macdonald and Yu, 2005;
O’Brien et al., 2011). Storm winds sometimes reach 80 km/h during this period of large fetch
and cause high waves and wind-driven currents that result in widespread sediment resuspension
and transport on the shoreface and inner shelf (Hill and Nadeau, 1989; Hill et al., 1991).
Héquette et al. (2001) indicated that high wave orbital velocities (up to 50 cm/s) during
northwesterly storms induce significant sediment remobilization on the shoreface (3.4 m water
depth) and strong and sustained seaward directed near-bottom currents cause offshore dispersal
of shoreface sediments that may be transported to depths from which fair weather waves may not
be capable of returning the material onshore. Over the mid- and outer shelf, Hill et al. (1991)
suggested that wave motions influence bottom sediment transport less than 1% of the time and
that near-bottom currents were weakly coupled to surface winds to cause occasional sediment
resuspension during storms. Recent measurements on the outer shelf, however, suggest that the
near-bottom currents are actually well coupled with wind dynamics and the advection of fine
particles to the shelf edge should be expected during downwelling-favorable wind conditions
(Osborne and Forest, 2016). In the 1:1 year storm of late August 1987, peak significant wave
height Hs was > 3 m and peak wave period Tp was 8 s. O’Brien et al. (2006) estimated that the
near-bed wave orbital velocity would exceed 25 cm/s and cause sediment resuspension to at least
the depth of 50 m. Based on the extremal analysis using 43 year (1970 — 2012) wave hindcast
predictions for the Beaufort Sea (Swail et al., 2007), the peak significant wave height Hs would
reach 6.1 m and the peak wave period Tp will be 10.6 s on the mid-shelf during a 1:50 year
storm. It can be expected that significant sediment resuspension and transport would occur on the
Beaufort Shelf during extreme storms.



Once sediments are resuspended, they are transported across and along the shelf by wind-driven
and downwelling currents through the development of both the bottom and intermediate
Nepheloid layers (BNL and INL, respectively; O’Brien et al. 2006, 2011; Forest et al. 2007,
2008; Osborne and Forest, 2016). Several intense events with winds exceeding 10 m/s
predominantly from the northwest in August and September of 1987 produced persistent
offshore (downwelling) bottom currents of 25 — 50 cm/s in the nearshore that typically continued
for 1 — 2 days (Hequette et al., 2001). Based on transmissometer and sequential sediment trap
data collected over this period, O'Brien et al. (2006) suggested that the strong waves and
downwelling currents during storms with northwesterly winds cause intense sediment
resuspension and that shelf sediments are episodically transported to the edge of the Beaufort
Shelf in the BNL and INL. Transmissivity and density data collected in October 2003 along an
outer shelf—slope transect have been used by Forest et al. (2007) to further demonstrate that the
resuspension of sediments on the shelf caused the development of a well-defined BNL over the
shelf and that the water of the BNL extended horizontally over the slope along an isopycnal,
forming a mid-depth INL over the slope. They suggest that coastal wind storms likely combined
with thermohaline convection following rapid ice growth to resuspend shelf sediments and mix
the BNL in October-November 2003. Nevertheless, the conditions required to set the Nepheloid
Layers in motion were not well understood. More process-oriented studies targeting the shelf
bottom boundary layer and water column structures are needed to resolve the mechanisms
underlying the formation and motion of the BNL and INL at various time scales and their
interaction with the BSJ on the upper slope.

2.3 Oceanographic and sediment transport processes on the shelf edge and upper slope

Analyses and interpretation of current and sediment trap data from oceanographic moorings
presented in several studies provide preliminary evidence that the presence and surges of the
BSJ, the generation and meandering of eddies associated with the BSJ, and the generation and
descending of cold dense winter water are the dominant processes that cause erosion and
transport of sediments on the Beaufort shelf edge and upper slope (Forest et al. 2007, 2008,
2015; O’Brien et al. 2011).

Forest et al. (2007, 2008) reported episodic strong currents in the water column and associated
high particle fluxes over the upper slope (at 200 m over the 300 m isobath) in the winters of
2004, 2005, and 2006. Each winter, an abrupt and brief (<8 days) amplification of the subsurface
eastward circulation of the BSJ was recorded when sea ice covered most of the western Arctic
Ocean. Compared to a mean background speed of ~9 cm/s, the highest daily mean speeds
recorded during these events reached 67, 94 and 62 cm/s, respectively in 2004, 2005 and 2006.
The downward particle flux estimated with the sediment traps reached their annual peak values
at approximately the same time as the abrupt current surges were recorded. Based on the



temporal correlation between the enhanced currents and the high particle fluxes and analyses of
ice coverage, temperature, wind and current data associated with the recorded peaks of
downward particle fluxes, Forest et al. (2007, 2008) proposed that these events were attributed to
local resuspension and subsequent dispersal of bottom sediments over the upper slope due to the
abrupt current pulses of the intensified BSJ and strong rotary currents of eddies formed by
baroclinic instability of the BSJ (O’Brien et al., 2011). Thermohaline convection associated with
rapid ice formation as well as wind forcing of storms could cause the amplification of the BSJ.
Forest et al. (2015) have used additional mooring data from September 2009 to August 2012
over the Beaufort slope to further illustrate the potential processes that drive the lateral transport
of particulate matter off the shelf. Particle fluxes data have been considered along with
synchronous current time-series, water column properties and meteorological data to further
suggest that thermohaline convection and downwelling-favorable storm winds act as the main
mechanisms underlying the resuspension and offshore transport processes. Their combination
drives mesoscale eddy formation, downwelling flows and current surges that are characterized
by moderate to high current speeds (20—-80 cm/s) in the water-column and sufficient to mobilize
sediments. It should be noted that most mooring studies provide daily averaged currents
measured 10s to 100s meters above the seabed and that the maximum speeds of such currents
measured in the water column are 90 — 120 cm/s and are predominantly to the northeast (Forest
et al., 2008; Dmitrenko et al., 2016). Near-bottom current and sediment transport measurements
are rare to non-existent on the Beaufort shelf break and upper slope. Only a recent study by
Forest et al. (2016) presented strong currents up to ~40 cm/s within the lowermost 10 m bottom
layer at two shelf break locations and found that sudden peaks in suspended sediments
corresponded closely with the current surges implying the local erosion of surficial sediments at
these shelf break sites. Magnitude and spatial patterns of the BSJ and the amplification impact on
the BSJ by various oceanographic processes remain poorly understood.

3. Magnitude and frequency of near-bed currents and sediment mobility

3.1 Data types and methods

3.1.1 Surficial geology

The seabed geology maps for the entire Beaufort shelf in Figure 1 and for selected geographic
areas depict zones of erosion (brown) and non-deposition (red). They are derived from analysis
of a network of 3.5 kHz sub-bottom profiler data, primarily collected on the R/V CCGS
Amundsen through the ArcticNet consortium of university, government and industry
collaborations since 2006. The sub-bottom profiler data were amassed from tracks across 14
cruises from which over 35,000 km covering the map area were interpreted. Chronology is from
C-14 dates on shells and foraminifera from about 25 shelf-break and upper slope-situated
sediment core sites, including over 70 dates. Many dates are reported in Woodworth-Lynas et al.



(2016) or reside in the GSC Expedition Database. The correlation of these dates with the sub-
bottom profiler records across the region into a chronology framework is briefly summarized in
King et al. (2017).

The map in King et al. (2017) has been updated here to include more detail and larger geographic
scope (Fig. 1). The criteria for mapping the erosion zone was an angular unconformity in the
Holocene age sediments. The smooth nature of the erosion and non-deposition zones largely
precludes its recognition from multibeam bathymetric shaded relief images. The non-
depositional zone is recognized by a generally gradual thinning from shelf to shelf-break,
typically from 10 m thick, to under 0.5 m, the approximate resolution limit for its recognition.
Recognition of the erosion and non-deposition zones is strongly compromised where it has been
structurally disturbed by a combination of localized diapiric and subsidence processes associated
with thousands of mounds and moats, so-called “pingo-like features” (PLFs) and related ridges
and trenches. These have tilted and disturbed strata, often to the point of lost seismic reflector
coherence on stratal horizons such that the mapping criteria are not met. These disturbed zones
are shown by the hatch pattern on the maps. In general it is likely that these disturbed zones also
encompass both erosion and non-deposition, but probably with very local variation. Lee-side
deposition complementing stoss side erosional moats on some PLFs is an example of the
occurrence of both erosion and non-deposition in the disturbed zones (King et al. 2017). Fig. 1
shows that non-deposition zones were only mapped landward of the erosion zone. Given the fact
that the BSJ currents are strongest over the shelf break and decrease both landward and seaward,
the non-deposition zone should exist both landward and seaward of the erosion zone and the
mapped non-deposition zone should adjoin the erosion zone. However, the mapping constraints
noted above, together with the structural disturbance, present a challenge in mapping to this
detail.

The chronology framework demonstrated a temporal evolution in the erosional zone from net
deposition to net erosion, which occurred in the early to mid Holocene (King et al. 2017), as the
modern oceanographic regime adjusted to post-glacial eustatic sea-level rise.

3.1.2 Current data

Deployments of instrumented landers have been undertaken recently by the Geological Survey of
Canada-Atlantic (GSCA) (Li et al., 2019) and the data from these will provide information of
bottom currents and seabed responses, but the temporal and spatial coverage of the lander
observation is limited, necessitating the use of measurements from existing current moorings.
Existing mooring and near-bed current data have been compiled from various sources including
ArcticNet and the Institute of Ocean Sciences of Fisheries and Oceans Canada (DFO). Existing
data from 11 sites spanning the entire upper slope of the Beaufort Sea were eventually selected
and analyzed in this synthesis study. These sites were selected based on the criteria of being



located close to the shelf edge and upper slope, availability of both near-bottom and water
column current measurements, proximity to other mooring sites to form cross-slope transects,
and the along-shelf locality that facilitates the current and sediment erosion evaluation along the
entire Beaufort shelf break and upper slope. Figure 1 shows the names and locations of these
sites. The detailed relevant information for each site is given in Table 1. Sites have been grouped
into four geographic areas, from west to east, as follows: western Beaufort Shelf-Mackenzie
Trough (WBS-MT) area, western central Beaufort Shelf (WCBS) area, eastern central Beaufort
Shelf (ECBS) area and eastern Beaufort Shelf (EBS) area. The summary of current data in Table
1 indicates that the selected mooring data were collected from 1984 to 2013 and encompass outer
shelf to continental slope settings in water depths of 75 — 660 m. Currents were measured near
the bottom for six sites and current data for other sites were measured at a few tens to hundreds
of meters above bottom (mab).

The shelf break or edge is the transition zone from the continental shelf to the slope. Although it
is defined as 80 — 100 m water depths in this report, various depth ranges have been cited in the
literature. Woodworth-Lynas et al. (2014) describes the shelf-to-slope transition was between
~100 m and 160 m water depths on the western Beaufort shelf. Although Forest et al. (2016)
defines the shelf break as 80 — 100 m depths, they designate near shelf break as in 50 - 200 m
depth and describe mooring sites in ~150 m water depth as near-shelf break setting. Our
examination of detailed bathymetry contours also shows that the shelf to slope transition at some
locations on the western central Beaufort shelf (~137° W and 70° 20' N) is best defined as from
80 - 250 m. Several selected sites of moored current data in Table 1 are in 110 — 160 m water
depths and have been classified as near the shelf break, although they truly are on the upper
slope.

3.1.3 Estimates of bottom currents with Soulsby’s method

Current magnitudes typically decrease substantially above the seabed within the bottom
boundary layer (BBL) due to bottom friction. Measured or modelled currents close to the seabed
are required for adequate assessment of near-bed currents and sediment mobility on the Beaufort
shelf edge and upper slope. The empirical method of Soulsby (1997) was applied to extrapolate
current speed measured in the water column to near-bed values. For a variety of seabed types, the
current profile can be approximated by an empirical power law that relates near-bed speed U, at
height z to depth-averaged speed U:

U, =(z/0.32h)7U  for 0 <z <0.5h (1)
U,=1.07U for 0.5h <z <h @)

where h is the water depth. For the more typical cases in the marine environments, currents are
often measured in the water column at significant heights above the bottom and depth-averaged



Table 1 Names and other relevant information of mooring sites used in this study.

Site Lat Long Water Geomorphological settings | Data Instruments, instrument depths and current data collected
Depth (m) | and Geographic area duration
Western Beaufort Shelf and Mackenzie Trough (WBS-MT)
BR-2 69.9913 | -137.9608 | 154 shelf break, east of 2011 - Down-looking ADCP at 141 m depth in 2011 and at 137 m depth in 2012;
Mackenzie Trough 2013 Current profile data averaged over 80 sec every 1.5 hours for the bottom
10 m (2011) and averaged over 15 sec hourly for the bottom 13 m (2012)
above bottom (mab).
SS4b 69.8500 | -138.4930 | 200 upper slope of central 1987/8 — | RCM4 current meter at 150 m depth; hourly averaged current data at 50
Mackenzie Trough 1988/3 mab
AS84 70.0200 | -138.5750 | 280 upper slope of central 1984/3 - RCM4 current meter at 274 m depth; hourly averaged current data at 6
Mackenzie Trough 1985/8 mab
Western Central Beaufort Shelf (WCBS)
I 70.8145 | -134.5454 | 75 outer shelf, western central | 2009/7 - 2009-10: ADCP at 70 m depth; continuous 15-min average data at 26
Beaufort Shelf 2010/8 mab;
2010/8 - 2010-11: ADCP at 60 m depth; continuous 15-min average data at 31
2011/8 mab;
BR-B 70.6716 | -135.5862 | 156 near shelf break, western 2009 - 2009-11: ADCP at 140 m depth (2009-10) and at 124 m depth (2010-
central Beaufort Shelf 2013 11), continuous 20 min average data at 35 mab (2009) and 25 mab
(2010);
2011-12: down-looking ADCP at 142 m depth, current profiles averaged
for 360 s in 2 hour intervals for the bottom 13 m
2012-13: down-looking ADCP at 140 m depth, current profiles averaged
for 280 s in 1 hour intervals for the bottom 13 m
IMP85B | 70.6133 | -136.0750 | 302 upper slope, western central | 1985/4 - RCM4 current meter at 291 m depth; hourly averaged current data at 11
Beaufort Shelf 1986/4 mab
BR-A1 | 70.7568 | -136.0133 | 661 middle slope, western 2009 - 2009-11: DVS750 current meters at ~671 m depth in ~684 m water
central Beaufort Shelf 2013 depth, continuous 20-min average current data at 14-16 mab;
2011-13: Aquadopp Deepwater current meters at ~647 m depth in ~660
m water depth, current data averaged over 2 min hourly for 2011 and
averaged over 4 min every half hour for 2012 at 13 mab;
Eastern Central Beaufort Shelf (ECBS)
SIC2 70.9890 | -133.7439 | 111 near shelf break, eastern 2010 - Up-looking ADCP at 107 m depth; continuous 40-min average current
central Beaufort Shelf 2013 data at ~8 mab
CA04 71.0860 | -133.7232 | 300 upper slope, eastern central | 2003 - RCM11 current meters at ~200 m depth; half-hourly (2003, 2005) or
Beaufort Shelf 2006 hourly (2004) averaged current data at ~100 mab
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CA07 71.1498 | -133.8980 | 500 middle slope, eastern 2003/10 - | RCM11 current meters at ~387 m depth; half-hourly (2003) and hourly
central Beaufort Shelf 2004/9 (2004) averaged current data at ~113 mab
2004/9 -
2005/6
Eastern Beaufort Shelf (EBS)
CA13 71.3559 | -131.3637 | 300 upper slope, eastern 2003/10/9 | 2003/10/9-2005/2/10: RCM11 current meter at 217 m depth, half-hourly
Beaufort Sea shelf -2005/9/4 | averaged current data at 83 mab;
2003/10/9-2005/9/4: ADCP at 119 m depth, current data averaged for 12
min every 45 min at 192 mab;
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current speed data are not available. The reversed equations (1) and (2) then can be used to
compute the depth-averaged speed U from the measured water-column speed Uy:

U =U,(2/0.32h)"7  for 0 <z <0.5h (3)
U =Uy1.07 for 0.5h < z <h 4)

The computed depth-averaged speed U could then be used in equations (1) and (2) to derive the
near-bed speed at a small distance above the seabed. Comparison of measured and calculated
normalized U,/U over a wide variety of field measurements of various water depths, current
speed, stratification conditions, flat or bedformed seabeds showed that the Soulsby method is
applicable to the entire water column including the bottom boundary layer region and the errors
in the predicted U,/U are ~10% (Soulsby, 1997).

Measured bottom and water column currents were available for 2011-12 at BR-B site (Fig. 1 and
Table 1). In order to evaluate the applicability of the Soulsby method over the Beaufort shelf
edge/upper slope, the vertical profile data were used to derive the measured depth-averaged
current speed U which was then used to calculate the predicted bottom current speed Ul1 at 11
mab. The ratios of predicted Ul1 predicted vs measured Ul1 obs give a mean of 1.16 (with a
standard deviation of 0.89). The scatter plot of Ul 1 predicted vs Ul1 obs is shown in Fig. 3-1a.
The mean ratio and the scatter plot thus seem to support the application of the Soulsby method,
albeit some significant scatters. The scatters and hence uncertainty partially can be attributed to
the effect of surface Ekman layer, presence and vertical extent of the bottom logarithmic layer,
spatial variations of density and stratification, and the presence of various oceanographic
processes such as surges of the BSJ currents, cascading cold dense waters, up- and down-welling
currents by storms, and the formation and migration of eddies. The calibration presented in
Soulsby (1997) used the measured current speed normalized by the depth-averaged speed both of
which were likely averaged over some time durations. The scatters shown in Fig. 3-1a could also
partially due to that the predicted and measured bottom current speeds are directly compared and
that the bottom current data were 360 s averages with 2 hour intervals. If the measured depth-
averaged speed U and U11 were averaged over the deployment duration (~11 months), the
observed ratio U11/U was 0.9 and the predicted ratio was 0.81. The difference now is ~11%
which is similar to the calibration errors presented in Soulsby (1997). To evaluate the
applicability of Eq. (3) and (4), the measured current speeds at 46 mab, U46, were used to
calculate the predicted depth-averaged current speed U predicted from Eq. (3) and (4). The
ratios of the predicted and observed depth-averaged current speeds, U predicted/U_observed,
have a mean value of 1.07. The scatter plot of U predicted versus U observed in Fig. 3-1b
shows fair positive correlation (correlation coefficient 0.87) with moderate scatters. The mean
ratio of U_predicted/U_observed and their fair correlation suggest the application of Eq. (3) and
(4) is adequate.
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3.1.4 Erosion threshold and sediment erosion frequency estimation

Once the near-bed current speeds are computed, they can be compared with the threshold current
speed at 1 m above the bottom, Ujoocr, to estimate the frequency of sediment erosion. As
sediments in the Beaufort Sea are dominantly fine grained (Hill et al., 1991; Blasco et al., 2013),
sediments will go directly into suspension, by-passing the bedload transport mode once the
currents exceed the threshold speed. Field data on the threshold for sediment transport on the
Beaufort Shelf are lacking. Based on the laboratory measurements in a portable erosion chamber
with a vertical oscillating grid, Walker et al. (2008) determined the threshold shear velocity uxcr
for several cores from the mid-shelf and upper slope of the Beaufort Sea. The threshold shear
velocity is 1.05-1.30 cm/s for upper, less consolidated sediments and 1.3—1.7 cm/s for the lower,
more consolidated sediments. O’Brien et al. (2011) estimated the range of critical current speed
at 1 m above bottom, Ujigocr, based on the quadratic-law and respective drag coefficients for mud
and sandy mud. Given the winnowing effect from the intermittent erosion process and the small
percentage of sand in the sediments on the Beaufort outer shelf and upper slope (Fig. 2 of Walker
et al., 2008; Table 2 below), the surficial sediments on the Beaufort outer shelf and upper slope
can be reasonably assumed to be sandy mud and the drag coefficient Ci00 would be 0.003
according to Dyer (1986) and Soulsby (1983). From the quadratic-law relating bed shear stress t
to near-bed current Ujoo

T = purer> = pCiro0U100cr > Q)

the threshold shear velocity values of 1.05—1.3 cm/s for the less-consolidated upper layer will
give the range of Uigoer from 19 — 24 cm/s. With ux; values of 1.3 — 1.7 cm/s for the more
consolidated lower layer, the range of Uioocr will be 24 — 31 cm/s. The threshold Uigoer = 19 cm/s
for the less consolidated upper layer is assumed in this study to achieve maximum estimates of
erosion potential of the surficial sediments. The measured as well as extrapolated near-bed
current speed based on equations (1) — (4) was compared to this threshold speed to estimate the
cumulative time that sediment erosion occurred. The latter was then divided by the total
measurement duration to derive the time percentage of sediment erosion or sediment erosion
frequency. Currents were measured at 6 to 16 mab for majority of the sites for which near-
bottom current data were available (Table 1). Ideally these near-bottom current data should be
used in the logarithmic profile theory to further calculate the current speed at 1 mab, U1oo which
should then be compared with Ujgocr to determine threshold exceedance. The application of the
log profile theory, however, would require information of the bottom roughness which is
unknown and depends on the sediment grain size and geometrics of bedforms. The estimate of
bottom roughness as well as the presence and the vertical extent of the log velocity profiles
would introduce further errors in the calculation of Ujgo. For these reasons, the bottom currents
measured at 6-16 m heights were directly used in the comparison with Ujgocr to determine the
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exceedance of erosion threshold in this report. This approach will cause slight over-estimation of
the frequency of sediment erosion in this study.

Texture and grain size information of existing grab and core samples on the Beaufort outer shelf
and upper slope in the GSC Expedition Database has been accessed for the sediment types and
mean grain size for the selected mooring sites and hence to evaluate the adequacy of the choice
of the threshold criterion. For each of the selected current data sites, near-by grain size data were
evaluated based on the integrated information of proximity to the current data site, water depth,
and continuity of surficial geology between mooring and sample sites to select the most
representative sample stations. The essential information of the selected grain size data for each
of the current data sites is listed in Table 2. For current data sites for which the grain size data
show significant variations or near-by grain size data are not available, multiple grain size data
are included and the averages have been calculated. The selected grain size data associated with
the current data sites show that the surficial sediments are predominantly silty clay and the mean
grain sizes range from 7.2 to 8.6 @ (0.0026 to 0.007 mm; Mean grain size in mm is equal to 2°®).
Bottom sediments in several sites contain significant percentages of sand.

The cores used in the erosion threshold measurements of Walker et al. (2008) were from the
Beaufort mid-shelf (in 33 m water depth) and shelf break and upper slope environments (in 250
to 520 m water depths). Although grain size data of the samples were not presented, the size
fraction percentage data indicated that these samples used in the erosion threshold measurements
were dominantly silt and clay (80-90%) with minor percentages of sand (5-10%). In one of the
earliest studies of sample compilation and grain size interpretation for the Beaufort Sea, Pelletier
(1975) demonstrated that the distribution of silt and clay dominates the surficial sediments on the
seabed of the Beaufort Shelf and upper slope. The grain sizes for samples in water depths of 100-
600 m (over the shelf break and slope) ranged between 6.2 - 8.8 @ (0.0022 - 0.014 mm). The
mean grain size values associated with the 11 current data sites are therefore within the range of
grain sizes interpreted by Pelletier (1975) and are silty clay similar to the samples used in the
erosion measurements of Walker et al. (2008). Accordingly, a choice of threshold criterion Ujgocr
=19 cm/s is deemed appropriate and applied for all mooring sites. Forest et al. (2016) evaluated
the correlation between measured near-bed current and suspended sediment concentration on the
Beaufort Shelf break (BR-B and BR-2) and estimated an envelope of threshold current speeds of
18-36 cm/s. These estimates are in qualitative agreement with the values of 19 — 31 cm/s derived
using the quadratic stress law (eq. 5) in this study and the erosion threshold from laboratory
experiments by Walker et al. (2008).

For all mooring data compilations, the mean, maximum and 95 percentile current speeds as

well as potential sediment erosion frequency averaged annually and over multi-years where
applicable, are presented in tables in the sections for each geographic areas.
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Table 2 Mean grain size, sediment type percentages, and other essential information of sediment samples associated with the selected mooring data
sites analyzed in this study. The sediment type data are the percentages of gravel, sand, silt and clay. Mean grain size is given in ® and mm scales
(Mean in mm is equal to 2°®). Water depths marked with ~ indicate that depth data were not available from the sample stations and were estimated
from the gridded bathymetry in a GIS database. The IDs in the last column are used to represent the sediment samples in the maps of each geographic
areas.

Mooring Expedition Station Sample Lat Long Water  Gravel% Sand% Silt% Clay% Mud% Mean Mean ID
Sites Type depth (m) (®) (mm)

BR-2 70PARIZEAU 876 Grab 70.0000 -138.0333 180 0.00 0.57 23.52 7591 9943 8.60 0.00258 1
SS4b 70PARIZEAU 6140  Grab 69.8333 -138.5167 193 0.02 0.53 26.45 73.00 99.45 8.48 0.00280 2
AS84 70PARIZEAU 6126  Grab 70.0000 -138.4667 270 0.00 0.49 24.61 74.89 99.51 8.48 0.00280 3
BR-B 71PARIZEAU 6584  Grab 70.6817 -135.5383 146 0.01 0.32 31.06 68.61 99.67 8.40 0.00296 4
IMP85B 71PARIZEAU 6582  Grab 70.6000 -136.0850 265 0.00 3.67 23.53 72.80 96.33 8.36 0.00304 5
BR-A1 69050 5342  Piston core 70.7083 -135.8667 495 0.00 2.16 3520 62.64 97.84 8.13 0.00357 6
I 71PARIZEAU 6604  Grab 70.8617 -134.4533 78 0.00 241 26.36 71.23 97.59 8.34 0.00309 7
SIC2 70021 5785  Grab 71.0278 -133.4880 ~150 0.10 6.99 4272 50.19 9291 736 0.00609 8
SIC2 70021 837 Grab 71.0413 -133.4063 ~130 0.03 2.05 2649 7143 9792 8.29 0.00319 9
SIC2 69050 798 Grab 70.9333 -133.9917 80 0.06 0.35 2998 69.61 99.59 8.41 0.00294 10
Average SIC2 8.02  0.00407
CA04 69050 5363  Pistoncore 71.0167 -134.1167 289 0.00 20.61  28.52 50.87 79.39 7.15 0.00704 11
CA04 70021 5774  Grab 71.0020 -134.4223 158 0 2.09 33.24 64.67 9791 822 0.00335 12
CA04 69050 800 Grab 71.1583 -133.1167 346 0.01 0.13 33.28 66.58 99.86 8.39 0.00298 13
Average CA04 7.92  0.00446
CA07 69050 800 Grab 71.1583 -133.1167 346 0.01 0.13 33.28 66.58 99.86 8.39 0.00298 13
CA07 69050 5362  Grab 71.2000 -134.3750 850 0.00 0.03 32.89 67.08 99.97 8.48 0.00280 14
Average CA07 8.44 0.00289
CAIl3 69050 5391 Grab 71.4450 -130.8983 300 0.35 11.61 40.24 47.80 88.04 7.36 0.00609 15
CAI13 72PARIZEAU 7098  Grab 71.2667 -132.2100 241 1.22 3.71 40.38 54.69 95.07 7.66 0.00494 16
Average CA13 7.51 0.00552
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3.1.5 Possible pre-conditions affecting erosion threshold

Erosion thresholds are challenging to establish without in situ observations and there is a further
possibility that seabed conditions affecting erosion threshold along the Beaufort Shelf break may
be quite unique. Fresh water seepage (and generally associated methane) from permafrost
melting below the seabed has been established for large regions, both at specific sites such as
pingos (St Ange et al. 2014) and mud volcanoes (Paull et al. 2015a), but also more universally
along the shelf-edge and on the upper slope (Gwiazda et al. 2018). Further, some sediment cores
have clear evidence of re-frozen fluid at up to 40% by volume within the upper 1 m, apparently
freezing as the seep approaches the seabed at minus temperatures (Paull et al. 2015b).
Observations of their thaw (in core) result in a slurry. However, the ice-containing sites are
usually from targeted diapiric mounds; ambient seabed examples with ice are not known. It is
speculated that the freeze-thaw cycles could limit when the sediment might be erodible and
thawed sediment might be more erodible. Nevertheless, we introduce this possibility because of
the strong geotechnical effect it would have on the mud; it may help explain the observed
removal of tens of metres at some locations.

3.2 Near-bed currents and sediment mobility at western Beaufort Shelf-Mackenzie Trough
(WBS-MT) area

Current data from three sites were analysed to assess the near-bed currents and sediment mobility
for the western Beaufort Shelf-Mackenzie Trough (WBS-MT) area (Figure 3-2-1; Table 1). The
three sites are respectively BR-2 representing the near-shelf break environment, and SS4b and
AS84 representing the upper slope setting.

Site BR-2

Site BR-2 is near the shelf break east of the Mackenzie Trough in 154 m water depth. The
bottom sediments are late Holocene mud (silty clay) deposition with a mean grain size of 0.0026
mm (Table 2). A down-looking acoustic Doppler current profiler (ADCP) was used to obtain
current profile data averaged over 80 s every 1.5 hours in the bottom 10 m in 2011 and averaged
over 15 s hourly in the bottom 13 m in 2012 (Table 1). In order to compare with current data
measured at similar heights above bottom at other shelf-break sites on central Beaufort Sea shelf,
the measured bottom current data at 10 m above bottom (mab) U10 were analyzed. The
magnitude and direction of U10 for 2011-12 are shown in Figure 3-2-2 and that for 2012-13 in
Figure 3-2-3. Current directions from 0° to 90° were plotted as 360° — 450° to better differentiate
the dominant current directions. Statistics of mean current magnitude, 95 percentile speed,
maximum current speed, and sediment erosion frequency averaged annually and for multi-years
if applicable are given in Table 3. The mean95" percentile current speed and sediment erosion
frequency are also labeled next to the mooring sites in Figure 3-2-1. The maximum bottom
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Figure 3-2-1 Map of mooring sites (stars) and associated sediment sample stations (circles; ID in
Table 2) superposed on the mapped erosion and non-deposition zone for the western Beaufort
Shelf-Mackenzie Trough (WBS-MT) area. The numbers next to the mooring site names are
respectively the 95" percentile current speed (cm/s) and sediment erosion frequency (% of time)

for that mooring site.

currents reached ~60 cm/s and the threshold for sediment erosion (Uigoer = 19 cm/s) was
exceeded in 15 events in 2011-12 at BR-2. For times in which threshold was exceeded, current
directions were to the NNW and NNE sectors for 66% of the time and to the SSW and SSE
sectors for 33% of the time. Thus strong current events were largely to the north or south, as
contour currents approximately aligned with the local bathymetry. Strong current events were
evenly distributed in the summer and fall seasons. Winter and spring seasons were relatively
quiescent. There were three events in which maximum bottom currents exceeded 50 cm/s. The
three events occurred respectively in late October 2011, in early November 2011, and in early
September 2012. The mean and 95 percentile current speeds were 8.3 and 19.3 cm/s

respectively and sediment erosion occurred in 5.3% of the time.

18



Table 3 Statistics of mean, 95" percentile, maximum bottom current speed and
sediment erosion frequency for mooring sites at the Western Beaufort Shelf-Mackenzie
Trough area. Numbers in parentheses following mooring sites give the water depth of
the mooring site. Mean currents in parentheses following data duration indicate the
height of current data different from that shown in the column header. All currents are
in cm/s and erosion frequency is in % of the time.

Mean (U10) | 95™ percentile | Maximum Erosion Frequency
BR-2 Mackenzie Trough shelf-break (154 m)
2011-12 8.3 19.3 57.5 53
2012-13 12.1 25.6 53.7 16.1
Average 10.2 22.5 55.6 10.7
SS-4b Mackenzie Trough upper slope (200 m)
1987-88 (U6) | 7.4 14.0 33.4 3.6
AS84 Mackenzie Trough upper slope (280 m)
1984-85 (U6) | 4.6 12.0 31.5 1.0
Average SS- | 6.0 13.0 32.5 23
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Figure 3-2-2 Magnitude and direction of bottom currents for 2011-12 at BR-2 on the shelf break
east of the Mackenzie Trough. The red line represents the critical current for sediment erosion,
U100cr. Numbers mark the direction of currents at the peak of current events.
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In comparison to 2011-12, strong bottom current events occurred more frequently in 2012-13
and these events were more evenly distributed over all four seasons (Figure 3-2-3). Moderate
events with speeds reaching 40 cm/s occurred one each in late November 2012 and early
September 2013. However, the strongest events with currents greater than 50 cm/s occurred in
winter 2013. The mean and 95™ percentile current speeds reached 12 and 26 cm/s respectively.
These were stronger than 2011-12 and resulted in sediment erosion in 16% of the time. As found
for the 2011-12 data, the strong bi-directionality (either to the NNE or to the SSW) predominated
the near-bed currents in 2012-13 at BR-2.
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Figure 3-2-3 Magnitude and direction of bottom currents for 2012-13 at BR-2 of the shelf break
east of the Mackenzie Trough. The red line represents the critical current for sediment erosion,
U100cr. Numbers mark the direction of currents at the peak of current events.

Site AS84

AS84 was on the upper slope of central Mackenzie Trough in 280 m water depth (Figure 3-2-1).
The bottom sediments are silty clay with a mean grain size of 0.0028 mm. A RCM4 current
meter was deployed at 274 m depth to record hourly-averaged data at 6 mab from 1984/3 -
1985/8. Speed and direction of the measured currents at 6 mab (U6) are shown in Figure 3-2-4.
Bottom currents reached a maximum speed of ~30 cm/s and exceeded the threshold current in 8
events for this deployment. These events mainly occurred in the fall 1984, winter and summer
1985. Currents were weak in summer 1984 and in the spring of both years. Current directions at
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the peaks of the strong current events were predominantly to the NNW sector and secondary
directions were to the SE and SW sectors. The mean, 95" percentile and maximum currents at
this slope site all were lower than BR-2 on the shelf break (Table 3). As a result, sediment
erosion potential was only 1% of the time.
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Figure 3-2-4 Magnitude and direction of bottom currents for 1984-85 at AS84 on the upper slope
of central Mackenzie Trough. The red line represents the critical current for sediment erosion,
U100cr. Numbers mark the direction of currents at the peak of current events.

Site SS4b

SS4b site was on the upper slope of central Mackenzie Trough in 200 m water depth (Figure 3-2-
1). The bottom sediments are silty clay with a mean grain size of 0.0028 mm. A RCM4 current
meter was deployed at 150 m depth to record hourly-averaged data for 7 months from 1987/8 to
1988/3. To be compatible with the data at AS84 site, the measured current data at 50 mab were
extrapolated to 6 mab. The magnitude and direction of the extrapolated bottom current are shown
in Figure 3-2-5. Threshold current was exceeded in 12 events with maximum currents reaching >
30 cm/s. The directions of bottom currents under the condition of threshold exceedance were
variable: 48% to the SW, 26% to the SE and 25% to the NW. However, the currents in the
strongest event in mid-January 1988 were to the NW. The mean, 95" percentile and maximum
currents were 7.4, 14 and 33 cm/s respectively and were moderately higher than that at AS84 to
resulting in potential sediment erosion in 3.6% of the time.
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Despite the different depths, SS4b and AS84 sites are both on the upper slope. The averaging of
the statistics from these two sites gives mean current speed of 6 cm/s, 95" percentile speed of 13
cm/s and erosion frequency at 2.3% (Table 3). The mean and 95 percentile current speeds
averaged for 2011-2013 at BR-2 are respectively 10.2 and 22.5 cm/s and these caused sediments
potentially to be eroded in 10.7% of the time. This comparison would suggest that bottom
current intensity and sediment mobility decrease from the shelf break to the upper slope for the
WBS-MT area.
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Figure 3-2-5 Magnitude and direction of bottom currents for 1987-88 at SS4b on the upper-most
slope of central Mackenzie Trough. The red line represents the critical current for sediment
erosion, U100cr. Numbers mark the direction of currents at the peak of current events.

3.3 Near-bed currents and sediment mobility at western Central Beaufort Shelf (WCBS)
area

Current data from four sites were analysed to assess the near-bed currents and sediment mobility
for the western Central Beaufort Shelf (WCBS) area (Figure 3-3-1; Table 1). The four mooring
sites are respectively BR-B near the shelf break, IMP85B on the upper slope, BR-A1 on the
middle slope, and I on the outer shelf.



Site BR-B

Site BR-B is near the shelf break of the western Central Beaufort Shelf in 156 m water depth.
The site is at the boundary between the erosion zone and late Holocene mud and the bottom
sediments are silty clay with a mean grain size of 0.0030 mm. In 2009-2011, ADCP profilers at
~140 m depth recorded continuous 20 minute average data respectively at 35 mab (2009) and 25
mab (2010) (Table 1). For 2011-2013, down-looking ADCPs at ~140 m depth provided

current profiles (averaged for 360 s every 2 hours in 2011 and for 280 s every hour in 2012) for
the bottom 13 m above seabed. Because currents were measured at 11 mab at the slope site
IMP85B in 1985 (Table 1), current data at BR-B were extrapolated to or picked at 11 mab to
ensure compatible current measurement heights at various sites. The magnitude and direction of
bottom currents U11 at BR-B for 2009, 2010, 2011, and 2012 are presented in Figures 3-3-2, 3-
3-3, 3-3-4 and 3-3-5 respectively. Statistics of mean, 95" percentile, and maximum current
speeds and sediment erosion frequency are listed in Table 4. The average 95™ percentile current
speed and sediment erosion frequency are also labeled next to the mooring sites in Figure 3-3-1.

Figure 3-3-2 shows that maximum currents reached greater than 60 cm/s and bottom currents
frequently exceeded the threshold for sediment erosion in 2009-10. The directions of peak
currents were predominantly to the NE. Bottom currents were weaker in spring 2010 (March to
May) and were typically less than 20 cm/s. Bottom currents exceeded the threshold speed with
roughly equal frequencies for summer, fall, and winter seasons. However, the strongest current
events respectively occurred in mid-October 2009 (52 cm/s), mid-January (63 cm/s) and mid-
February (53 cm/s) of 2010 and currents at the peaks of these events were all to the ENE. The
mean and 95" percentile current speeds reached 11 and 30 cm/s respectively and caused
potential sediment erosion in 17% of the time. Bottom current data in 2010-11 (Figure 3-3-3)
demonstrate that the maximum currents reached ~54 cm/s and bottom currents frequently
exceeded the threshold for sediment erosion. Strong bottom currents were predominantly to the
ENE (84%). The frequency of threshold exceedance was similar for all four seasons, although
stronger current events mostly occurred in the ice-covered winter conditions (mid-late November
to mid-March). The mean and 95" percentile current speeds were 11 and 26 cm/s respectively
and caused potential sediment erosion in 16% of the time.

The maximum bottom currents reached nearly 49 cm/s and again exceeded the threshold
frequently in 2011-12 (Figure 3-3-4). For time when threshold was exceeded, currents were to
the NE for 83% of the time and to the SW for 10% of the time. There were no significant
differences in the threshold exceedance frequency in different seasons. However, the two
strongest current events respectively occurred in early November 2011 (~49 cm/s to 56°) and
mid-September 2012 (45 cm/s to 66°). Unlike 2009 and 2010, currents during the ice-covered
winter months in 2011 were not particularly energetic. Mean and 95" percentile current speeds
were 10.6 and 22 cm/s respectively. These were moderately lower than those in 2009 and 2010

23



70°40'

=34 StructuallyDisturbed

' seabed erosion
[ no Late Holocene cover
- Late Holocene mud
- Recent mass failure

70°30"

Figure 3-3-1 Map of mooring sites (stars) and associated sediment sample stations (circles; ID in
Table 2) superposed on the mapped erosion and non-deposition zone for the western Central
Beaufort Shelf (WCBS) area. The numbers next to the mooring site names are respectively the
95 percentile speed (cm/s) and sediment erosion frequency (% of time) for that mooring site.

and therefore potentially caused sediment erosion for 10% of the time. The magnitude and
direction of measured bottom currents for 2012-13 are presented in Figure 3-3-5 which shows
that maximum bottom current reached 43 cm/s and that bottom currents exceeded the threshold
much less frequently than the previous three years. Currents during the strong current events
were again predominantly to the NE (84% of the time). Currents in the spring were the weakest.
Currents became stronger and the frequency of threshold exceedance also increased in the
summer and fall seasons. However, the strongest current event occurred in late January 2013.
The mean and 95™ percentile current speeds were 9.5 and 21 cm/s respectively. These were the
lowest over the 4 year period of 2009-13 and correspondingly the bottom currents resulted in
sediment erosion in only 7% of the time (Table 4).

Site IMP85B

IMP85B site was on the upper slope of the WCBS area in 302 m water depth (Figure 3-3-1). The
site is over a mass failure with no late Holocene cover. Bottom samples suggest a thin layer of
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Table 4 Statistics of mean, 95" percentile, maximum bottom current speed and
sediment erosion frequency for mooring sites at the Western Central Beaufort Shelf
area. All currents are in cm/s and erosion frequency is in % of the time.
‘ Mean (U11) | 95 percentile | Maximum | Erosion Frequency
I outer shelf site (75 m)
2009-10 7.5 16.2 31.6 2.1
2010-11 7.2 15.4 34.8 1.8
Average 7.4 15.8 33.2 2.0
BR-B shelf break (156 m)
2009-10 11.2 29.5 62.6 16.8
2010-11 11.0 26.2 53.8 15.7
2011-12 10.6 22.4 48.9 10.0
2012-13 9.5 20.6 43.2 7.2
Average 10.6 24.7 52.1 12.4
(Avg. 2011-13) 10.1 21.5 46.1 8.6
IMP85B upper slope (302 m)
1985-86 ‘ 5.6 15.7 58.4 3.0
BR-A1 slope (660 m)
2009-10 (U16) 4.8 12.2 30.7 1.1
2010-11 (U14) 5.0 12.1 24.4 1.2
2011-12 (U12) 53 13.9 28.2 1.3
2012-13 (U13) 5.6 13.7 40.9 1.6
Average 5.2 13.0 31.1 1.3

sandy silty clay with a mean grain size of 0.0030 mm. A RCM4 current meter was deployed at
291 m depth (11 mab) to record hourly-averaged current data from 1985/4 to 1986/4. The bottom
current at 11 mab U11 (Figure 3-3-6) indicates that maximum bottom currents reached ~60 cm/s
and there were ~19 events in which the threshold was exceeded. For these events, currents were
predominantly to the NE (92% of the time). Currents were relatively weak in the spring. Bottom
currents exceeded the threshold in roughly equal frequencies for the summer, fall and winter
seasons. However, the two strongest events with current speeds >45 cm/s occurred in mid-
November and early December 1985 in ice-covered winter conditions. The mean and 95™
percentile current speeds were 5.6 and 16 cm/s respectively and sediment was eroded for 3% of
the time over the mooring duration (Table 4).

Site BR-A1

BR-AL is located on the middle slope of the western central Beaufort Shelf area in ~660 m water
depth (Figure 3-3-1). The bottom sediments are sandy silty clay with a mean grain size of 0.0036
mm. In 2009-2011, DVS current meters were moored at ~670 m depth to measure currents of
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Figure 3-3-6 Magnitude and direction of bottom currents for 1985-86 at IMP85B on the upper
slope of the western Central Beaufort Shelf area. The red line represents the critical current for
sediment erosion, U100cr. Numbers mark the direction of currents at the peak of current events.

continuous 20 minute (30 minute in 2010) averages at 14—16 m above bottom (Table 1). In
2011-2013, Aquadopp Deepwater current meters deployed at ~647 m depth recorded hourly data
averaged over 120 s (2011) and half-hourly data averaged over 240 s (2012) at ~13 m above
bottom. The magnitude and direction of the bottom currents at BR-A1 for each of these four
years are presented in Figures 3-3-7, 3-3-8, 3-3-9 and 3-3-10 respectively. Statistics of mean,
95" percentile, and maximum current speeds and sediment erosion frequency are listed in Table
4.

The bottom current data at 16 mab in 2009 (Figure 3-3-7) demonstrates that currents were
generally lower than 30 cm/s and there were 11 events in which threshold was exceeded.
Currents in the hours when threshold was exceeded were predominantly to the NE (83%) and
currents in the other times were to the NW (17%). Bottom currents were the weakest in the
spring 2010 and slightly increased to cause occasional sediment erosion in the summer. Bottom
currents were moderately stronger in the fall and winter seasons with roughly equal frequency of
threshold exceedance. However, the strongest current event, ~31 cm/s to ENE, occurred in early
November 2009 during the period of rapid ice formation. The mean and 95" percentile current
speeds were 4.8 and 12 cm/s respectively and sediment erosion occurred in just 1.1% of the time.
The bottom currents measured at 14 mab in 2010-11 were generally smaller than 25 cm/s and
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showed 13 events in which threshold was exceeded (Figure 3-3-8). For the hours when erosion
occurred, the currents were to the ENE for 80% of the time and currents in the other hours were
to the ESE (20% of the time). The temporal variations demonstrated a similar pattern to that of
2009-10, i.e. the bottom currents in spring and summer were weak and rarely exceeded the
threshold. Currents in the fall and winter were moderately stronger and associated with nearly
equal frequency of sediment erosion. The mean and 95™ percentile current speeds were 5 and 12
cm/s respectively and sediment erosion occurred in 1.2% of the time.

The current data measured at 12 mab in 2011-12 are shown in Figure 3-3-9. Maximum currents
were <30 cm/s and there were 9 events in which threshold current was exceeded. For the hours
when threshold was exceeded, bottom currents were predominantly to the ENE (89% of the
time) and the currents were to the ESE in 11% of the time. Currents in the spring and summer
were weaker than the fall and winter and did not exceed the threshold required for sediment
erosion. The majority of the current events (6 out of the 9 events) strong enough to cause
sediment erosion occurred in the fall. The mean and 95™ percentile current speeds were 5.3 and
14 cm/s respectively and sediment erosion occurred in 1.3% of the time. Bottom currents were
the strongest in 2012-13 as the maximum currents measured at 13 mab reached 41 cm/s and the
threshold current was exceeded in 15 events (Figure 3-3-10). For hours when the threshold was
exceeded, currents were mostly to the ENE (66% of the time) and to the ESE (22% of the time).
Bottom currents in the spring and summer were weaker than that in the fall and winter. Although
several events of sediment erosion occurred in the spring and summer, the majority of the
sediment erosion events occurred in the fall and the strongest events with current speed
exceeding ~30 cm/s occurred in the winter months (late January and mid-March) of 2013. The
mean and 95" percentile current speeds were 5.6 and 14 cm/s respectively and sediment erosion
occurred in 1.6% of the time.

Site I

Site I represented the outer shelf setting in 75 m water depth of the WCBS area (Figure 3-3-1).
The bottom sediments are sandy silty clay with a mean grain size of 0.0031 mm. The data from
this site was included and analyzed to demonstrate current magnitude and erosion frequency on
the outer shelf shoreward from the central Beaufort Sea shelf break. ADCP profilers were
deployed to collect continuous current data averaged for 15 minutes at 26 m (in 2009-10) and 31
m (in 2010-11) above bottom. Per the rationale described for the BR-B data, the measured
current data were extrapolated to 11 mab. The extrapolated bottom current data are presented in
Figures 3-3-11 and 3-3-12 respectively. Statistics of mean, 95" percentile, and maximum current
speeds and sediment erosion frequency are listed in Table 4.

The extrapolated bottom currents at 11 mab for 2009-10 (Figure 3-3-11) exceeded the threshold
speed in ~23 events and the current directions for events with peak currents > 30 cm/s were
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either to the ESE or to the west. However, current direction varied widely (omnidirectional) with
42% to the NW, 28.5% to the SE, 24% to the NE, and 6% to the SW. Currents in the fall and
winter were generally stronger than in the spring and summer. The mean and 95" percentile
current speeds were 7.5 and 16 cm/s respectively and the sediment erosion frequency was 2.1%
of the time. The extrapolated bottom currents for 2010-11 are presented in Figure 3-3-12 which
demonstrates that bottom currents exceeded the threshold in ~15 events. Detailed analysis of the
current directions for hours in which threshold was exceeded indicates that currents were
omnidirectional with 48% to the NW, 26% to the NE, 23% to the SE, and 3% to the SW.
Although transport occurred in all seasons, the strongest currents occurred dominantly in late fall
and early winter of 2010 with current directions being dominantly to the north and the NW. The
mean and 95" percentile current speeds were 7.2 and 15 cm/s respectively and the sediment was
eroded in 1.8% of the time. In comparison with the shelf-beak site BR-B, magnitude of bottom
currents and sediment erosion frequency both decrease at the outer shelf site I. Currents under
threshold exceedance conditions were more omnidirectional at site I while currents were
predominantly to the NE on the shelf break at BR-B.

3.4 Near-bed currents and sediment mobility at eastern Central Beaufort Shelf (ECBS)
area

Current data from three sites were analysed to assess the near-bed currents and sediment mobility
for the eastern Central Beaufort Shelf (ECBS) area (Figure 3-4-1; Table 1). The three sites are
respectively SIC2 near the shelf break, CA04 on the upper slope, and CAO7 on the middle slope
of the ECBS area.

Site SIC2

SIC2 is near the shelf break of the eastern central Beaufort Shelf area in 111 m water depth
which is quite shallower than the other shelf break sites (BR-2 and BR-B). The site is over the
late Holocene mud. The three associated bottom sediment samples suggest sandy silty clay with
an average mean grain size of 0.0041 mm. ADCP profilers were moored at ~107 m depth and
recorded continuous 40-min averaged current data at 8 mab. The magnitude and direction of
measured bottom currents at 8 mab at SIC2 for 2010, 2011, and 2012 are presented in Figures 3-
4-2, 3-4-3 and 3-4-4 respectively. Statistics of mean, 95" percentile and maximum current
speeds and sediment erosion frequency are listed in Table 5.

The bottom currents for 2010-11 (Figure 3-4-2) demonstrates that there were 17 events in which
bottom currents exceeded the threshold speed. Currents in these sediment erosion events were
predominantly to the NE (92%). The strongest events with speeds >35 cm/s occurred
respectively in late November 2010 and in late February 2011 with eastward direction. Currents
in spring and summer were weaker than in fall and winter and rarely exceeded the threshold for
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Table 5 Statistics of mean, 95 percentile, maximum bottom current speed and
sediment erosion frequency for mooring sites at the eastern central Beaufort Shelf
area. Standard errors are calculated for annual 95" percentile current speed and
sediment erosion frequency for sites for which data are available for at least 3
years. All currents are in cm/s and erosion frequency is in % of the time.
| Mean U8 | 95" percentile | Maximum | Erosion Frequency
SIC2 shelf break (111 m)
2010-11 7.3 16.1 39.1 23
2011-12 8.0 18.7 40.3 4.7
2012-13 6.8 16.2 50.3 3.2
Average 7.4 17.0 43.2 3.4
Std. Error 0.85 0.7
CAO04 upper slope (300 m)
2003-04 5.6 14.7 58.8 2.2
2004-05 6.9 20.6 76.4 6.2
2005-06 6.2 15.4 51.9 2.1
Average 6.2 16.9 62.4 3.5
(Avg. 2003-05) 6.3 17.7 67.6 4.2
Std. Error 1.86 1.35
CAO07 slope (500 m)
2003-04 3.9 9.7 31.2 0.8
2004-05 4.5 13.8 37.5 1.3
Average 4.2 11.8 344 1.1

sediment erosion. The mean and 95™ percentile current speeds were 7.3 and 16 cm/s respectively
and the sediment erosion frequency was 2.3% of the time. The bottom currents for 2011-12
(Figure 3-4-3) show that the maximum current speed reached ~40 cm/s and that the threshold
was exceeded in 13 events. Currents in times when threshold was exceeded were dominantly to
the NE (96%). Currents in the spring were again weak. In contrast to 2010, however, currents in
winter were quiescent and currents were strong in the summer. Currents reached 30-40 cm/s and
were dominantly to the ENE in several events in the summer 2012. The strongest event,
however, occurred in early November 2011 with northeastward currents of ~40 cm/s. The more
energetic conditions of 2011 were also reflected in the mean and 95™ percentile current speeds at
8 and 19 cm/s respectively which corresponded with sediment erosion in 4.7% of the time,
double of 2010-11. The bottom currents for 2012-13 (Figure 3-4-4) show that the maximum
current speed reached ~50 cm/s and that there were 14 events in which the threshold speed was
exceeded. Currents in times when threshold was exceeded were quite variable but were
dominantly to the NE (63%) and to the ESE (35%). Currents were to the southwest in only 6
sampling bursts (1%). Currents in both the winter and spring of 2013 were quiescent and were
slightly stronger in the summer 2013 to cause several weak sediment transport events. The
strongest events occurred in October and November 2012 in which current speeds reached 35-50
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cm/s and were to the ENE. The mean and 95" percentile current speeds were 6.8 and 16 cm/s
respectively and sediment erosion occurred in 3.2% of the time.

Site CA04

CAO04 is on the upper slope of the eastern central Beaufort Shelf area in 300 m water depth. The
site is also over the late Holocene mud but close to the northern edge of the erosion zone. The 3
associated bottom sediment samples show variable sand percentages and mean grain sizes that
range 0.003 — 0.007 mm. The average of the 3 samples suggests sandy silty clay with an average
mean grain size of 0.0045 mm. RCM11 current meters were deployed at ~200 m depth to collect
hourly or half-hourly current data at ~100 m above bottom for 2003 — 2006. The measured
current data at ~100 mab were extrapolated to that at 8 mab. The extrapolated bottom current
data are presented in Figures 3-4-5, 3-4-6 and 3-4-7 respectively. The statistics of mean, 95
percentile, and maximum current speeds and sediment erosion frequency are listed in Table 5.

The magnitude and direction of the extrapolated bottom currents for 2003-04 (Figure 3-4-5)
demonstrates that the maximum current speed reached ~60 cm/s and that there were 7 events in
which threshold speed was exceeded. For the times when threshold speed was exceeded, current
directions were dominantly to the ENE as directions ranged from 46 to 110°. There were no
currents to the SW during times when threshold speed was exceeded. Bottom currents were
quiescent in late winter and spring 2004. Moderate sediment transport events occurred in early-
and mid-November 2003 during rapid ice formation period and in the summer 2004 likely
related to the storm processes. The strongest event, however, occurred in January 2004 in which
peak current speed reached ~60 cm/s and the current direction was 88°. The mean and 95"
percentile current speeds were 5.6 and 15 cm/s respectively and sediment erosion occurred in
2.2% of the time. Extrapolated bottom currents for 2004-05 showed 9 events in which bottom
currents exceeded the threshold condition (Figure 3-4-6). Bottom currents were weak in the fall
2004 and in the spring and summer 2005. Weak erosion events occurred in early November 2004
and late August 2005. However, stronger current events occurred mostly in the winter
(December 2004 and January-March 2005). The current directions in these events were
dominantly to the ENE. In the strong current event in mid-January 2005, the maximum bottom
currents were eastward and reached 76 cm/s which represents the strongest bottom currents ever
measured on the Beaufort outer shelf and upper slope. The mean and 95" percentile current
speeds were 6.9 and 21 cm/s respectively and sediment erosion occurred in 6.2% of the time. It is
noted that the extreme current event of mid-January 2005 not only recorded the strongest bottom
currents of all the mooring data assessed, the event under ice covered conditions also lasted 9.7
days which accounted for ~44% of the total hours of threshold exceedance in 2004-05 at CA04.
Similar predominance of this mid-winter event was also observed for the upper slope site CA13
on the eastern Beaufort Shelf (see description below). The magnitude and direction of
extrapolated bottom currents for 2005-06 presented in Figure 3-4-7 indicate 9 sediment transport
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Figure 3-4-5 Magnitude and direction of extrapolated bottom currents for 2003-04 at CA04 site
on the upper slope of the eastern Central Beaufort Shelf (ECBS) area. The red line represents the
critical current for sediment erosion, U100cr.
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on the upper slope of the eastern Central Beaufort Shelf (ECBS) area. The red line represents the
critical current for sediment erosion, U100cr. Numbers mark the direction of currents at the peak
of current events.

events in which currents were predominantly to the ENE (89%). Bottom currents were again
weak in the spring 2006 and did not cause erosion of sediments. Otherwise sediment erosion
events were evenly distributed over the fall, winter and summer seasons for 2005-06. However,
the strongest event again occurred in the winter (late February) 2006 in which maximum currents
were to the ENE and reached ~52 cm/s. The mean and 95" percentile current speeds were 6.2
and 15 cm/s respectively and sediment erosion occurred in 2.1% of the time.

Site CA07

CAO07 is on the middle slope of the eastern central Beaufort Shelf area in 500 m water depth. The
two near-by bottom samples suggest silty clay with an average mean grain size of 0.0029 mm. A
RCM11 current meter was deployed at 389 m depth to record half-hourly current data at 111
mab from 2003/10/3 to 2004/9/7. For 2004-05, a RCM11 current meter was deployed at 387 m
depth to record hourly current data at 113 mab from 2004/9/8 to 2005/6/27 (Table 1). The
measured currents at respectively 111 and 113 mab were extrapolated to 8 mab and the
magnitude and direction of the extrapolated bottom current data are shown in Figures 3-4-8 and
3-4-9. The statistics of mean, 95™ percentile, and maximum current speeds and sediment erosion
frequency are listed in Table 5.
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The bottom current data for 2003-04 at CA07 (Figure 3-4-8) show that bottom currents were
generally less than 19 cm/s and only exceeded the threshold speed in 2 events. Bottom currents
reached 21 cm/s and exceeded the threshold for only 2 hours in early November 2003. A
stronger event occurred in early January 2004 in which maximum currents reached 31 cm/s and
lasted nearly 3 days. Currents were to the east in both events. The mean and 95™ percentile
current speeds were 3.9 and 10 cm/s respectively and sediments were eroded for merely 0.8% of
the time. The maximum bottom currents reached 28 cm/s in 2004-05 (Figure 3-4-9) and
exceeded the threshold more frequently (in 6 events) than 2003. Currents were weak and did not
cause sediment erosion in the spring and summer. A weak transport event occurred in late
October 2004 due to rapid ice formation and several moderate transport events occurred in
December 2004 and January 2005 likely due to mid-winter ice fracturing. Currents in these
events were again predominantly to the ESE. The extreme mid-January 2005 event observed on
the upper slope at CA04 site, also impacted the seabed at the mid-slope site CA07. However, the
maximum current speed was <30 cm/s, and the event only lasted ~3 days and did not
demonstrate the predominance over other events during the winter months. Both the mean and
95 percentile current speeds were stronger than 2003 and reached 4.5 and 14 cm/s respectively
which were correlated with threshold exceedance in 1.3% of the time. Thus the extrapolated
bottom current data for 2003-04 and 2004-05 at CA07 suggest that the near-bed currents on the
slope were weak in the spring, summer and fall and did not cause sediment transport. Moderate
current events mostly occurred in the late fall/early winter due to rapid ice formation and in the
winter likely due to mid-winter ice fracturing to cause infrequent sediment erosion and transport
that was dominantly to the east and east-southeast.

3.5 Near-bed currents and sediment mobility on the eastern Beaufort Shelf (EBS)

CA13 is on the upper slope of the eastern Beaufort Shelf area in 300 m water depth (Figures 3-5-
1). The site is over the late Holocene mud and the two associated bottom samples suggest silty
clay with significant sand component. The average mean grain size is 0.0055 mm, the coarsest of
all the upper slope sites. A RCM11 current meter was deployed at 217 m depth to record half-
hourly current data at 83 mab from 2003/10/9 to 2005/2/10. An ADCP profiler was also
deployed at 119 m depth and collected current data averaged for 12 minutes every 45 minutes at
192 mab from 2003/10/9-2005/9/4 (Table 1). Current direction information was not available in
the ADCP data. The current data measured respectively at 83 and 192 mab were extrapolated to
8 mab and the magnitude and direction of the extrapolated bottom current data for 2003-04 and
2004-05 are shown in Figures 3-5-2 and 3-5-3 respectively. Statistics of mean, 95™ percentile,
and maximum current speeds and sediment erosion frequency are listed in Table 6.

The extrapolated bottom currents for 2003-04 at CA13 (Figure 3-5-2) show that bottom currents

reached the maximum speed of 51 cm/s and exceeded the threshold in 9 events. Current
directions in bursts in which threshold was exceeded were dominantly to the ENE and the ESE
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Figures 3-5-1 Map of the mooring site CA13 (star) and associated sediment sample stations
(circle; ID in Table 2) superposed on the mapped erosion and non-deposition zone for the eastern
Beaufort Shelf (EBS) area. The numbers next to the mooring site name are respectively the 95th
percentile speed (cm/s) and sediment erosion frequency (% of time) at the mooring site CA13.

Table 6 Statistics of mean, 95" percentile, maximum bottom current speed and
sediment erosion frequency for CA13 site at the eastern Beaufort Shelf (EBS) area.
All currents are in cm/s and erosion frequency is in % of the time.

Mean (U8) | 95" percentile | Maximum | Erosion Frequency
2003-04 5.8 15.3 51.1 2.5
2004-05 8.5 21.0 67.9 6.9
Average 7.2 18.2 59.5 4.7

(88% of the time) and were to the SW in 8% of the time. Currents were weak in spring and early
summer 2004. Weak to moderate transport occurred in the summer and fall. However, the most
dominant transport event occurred in winter 2004 and was to the ESE. The mean and 95%
percentile current speeds were 5.8 and 15 cm/s respectively and sediment erosion occurred in
2.5% of the time. The bottom currents and sediment erosion for 2004-05 (Figure 3-5-3) were
moderately stronger as the maximum bottom currents reached 68 cm/s and caused sediment
erosion in 10 events. For September 2004 — February 2005 when current direction data were
available, the currents in bursts in which threshold was exceeded were again dominantly to the
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ENE and ESE (88% of the time). Currents in the spring and early summer 2005 were again weak
and did not cause sediment transport. Weak transport events occurred in early November 2004
and late summer 2005. Most of the transport events, however, occurred in the winter 2005.
Current directions in these events were dominantly to the East and to the ESE. The mean and
95t percentile current speeds were stronger than 2003-04 and were 8.5 and 21 cm/s respectively.
Sediment was eroded for 6.9% of the time. Similar to the predominance on bottom current and
sediment erosion by the mid-winter event at site CA04 at the ECBS area (see Section 3.4), the
dominant effect of this event is extended to the upper slope of the eastern Beaufort Shelf. The 68
cm/s speed at the peak of this event recorded at CA13 represents the second highest bottom
currents of all the mooring data assessed on the Beaufort Shelf break and upper slope. The event
lasted for ~10.15 days which accounted for 44% of the total time of threshold exceedance in
2004-05 at CA13.

3.6 Discussion of near-bed currents and sediment mobility analyses
3.6.1 Overall characteristics of current intensity and sediment erosion frequency

Previous studies generally noted that hydrodynamic conditions are relatively quiescent on the
Beaufort mid- and outer-shelf (Harper and Penland, 1982; Hill et al., 1991). The synthesis of
bottom currents and sediment erosion potential of this study demonstrates that currents and
sediment mobility on the shelf break and upper slope likely are greater than the mid- and outer
shelf. Events with maximum bottom currents of 60-80 cm/s periodically occur and maximum
sediment erosion frequency can reach 17% of the time on the Beaufort shelf break and 7% on the
upper slope (Tables 3 to 6). Bottom currents and sediment erosion are generally stronger along
the shelf break than on the upper slope, particularly at the WBS-MT and WCBS areas (Tables 3
and 4). The yearly 95" percentile current speed ranges 20 — 30 cm/s and sediment erosion
frequency ranges 5 — 17% at the shelf break in these areas. The ranges of these parameters on the
upper slope decrease to 12 — 16 cm/s and 1 — 3% respectively. The current intensity and sediment
erosion potential, however, become nearly equal at the ECBS area as the average 95™ percentile
current speed was ~17 cm/s and sediment erosion frequency was ~3.5% at both the shelf break
site SIC2 and the upper slope site CA04 (Table 5).

The maximum current data in Tables 3 to 6 indicates that the maximum bottom currents at the
shelf break are stronger than or equal to that on the upper slope in the WBS-MT and WCBS
areas. The relationship, however, is reversed for the ECBS area and likely also for the EBS area.
The maximum bottom currents on the upper slope in these areas were much stronger than that at
the shelf break, influenced by the extremely strong bottom currents of 70-80 cm/s observed in
2004-05 at these upper slope sites (Tables 5 and 6). Although the strongest bottom currents were
observed on the upper slope, 76 cm/s at CA04 and 68 cm/s at CA13, sediment erosion frequency
on these upper slope sites was much lower than the shelf break sites in the WBS-MT and WCBS
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areas: 2 — 7% vs 5 — 17% of the time. This is attributed to the differences in the occurrence
frequency of strong bottom current events for these settings. For instance the number of events
with current speeds exceeding 40 cm/s in each year was ~five at BR-2 (Figures 3-2-2 and 3-2-3)
and BR-B (Figures 3-3-2 to 3-3-5) while the frequency of such events was roughly once a year at
the upper slope sites CA04 (Figures 3-4-5 to 3-4-7) and CA13 (Figures 3-5-2 and 3-5-3).

3.6.2 Seasonality of bottom currents and isobaths control of current direction

The examination of the bottom current data observed at all shelf-break sites (Figures 3-2-2, 3-2-
3, 3-3-2 to 3-3-5, 3-4-2 to 3-4-4) demonstrates some common seasonal variations of bottom
current intensity and the dependence of the current direction on the orientation of local
bathymetry. The overall magnitude and frequency of strong current events tend to be the weakest
in the spring, increase moderately in the summer and are the strongest in the fall and winter. In
comparison with the upper slope sites (discussed below), the intensity and frequency of strong
currents during summer and fall storms on the Beaufort Shelf break are equal to or greater than
those during the ice-covered winter months, particularly so at the shallower shelf break site SIC2
(Figures 3-4-2 to 3-4-4) on the eastern central Beaufort Shelf.

The direction of currents at the peak of strong current events is strongly controlled by the local
bathymetry and is roughly parallel to the local isobaths. The strongest currents at BR-2 were
predominantly to the north and to the SSW, approximately parallel to the north-south oriented
local bathymetry in the Mackenzie Trough (Figures 3-2-1 to 3-2-3). The strongest currents at
BR-B were to the NE and to the ENE as again conforming to the WSW — ENE orientation of the
bathymetric contours (Figures 3-3-1 to 3-3-5). The local isobaths are nearly east-west oriented at
SIC2 site. Therefore the strongest currents were predominantly to the east and to the ENE at this
shelf-break site on the eastern central Beaufort Shelf (Figures 3-4-1 to 3-4-4).

In contrast to the shelf-break sites, the bottom current data observed at all upper-slope sites
(Figure 3-2-4, Figure 3-3-6, Figures 3-4-5 to 3-4-7 and Figures 3-5-2 and 3-5-3) demonstrate that
currents were generally the weakest in the spring season, weak to moderate in the summer and
fall seasons, and most energetic in the early winter during rapid ice formation and in the ice-
covered winter months. The differences in the seasonal patterns for the upper slope and the shelf
break would imply that storms of late summer and fall have less effects on the bottom currents in
relatively deep waters on the upper slope and that the amplification of the BSJ by cascading cold
dense water and formation of eddies associated with mid-winter ice opening (Forest et al. 2015,
2016) was the dominant mechanism for strong bottom currents on the upper slope. The
maximum bottom currents during these strong current events in the winter months can reach 50-
80 cm/s and the duration of these events range from 2 to 10 days. The direction of the peak
currents on the upper slope is also strongly influenced by the orientation of the local isobaths.
The direction of the peak currents at AS84 was to the NW and the north due to the north-south
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orientation of the Mackenzie Trough. The peak currents were to the NNE at IMP85B as isobaths
are oriented SW to NE and to the ENE at CA04 where the isobaths are oriented WSW to ENE.
At CA13 on the eastern Beaufort shelf, the directions of the strongest currents were to the east,
again conforming to an east-west orientation of the local isobaths.

3.6.3 Inter-annual variabilities

The time series data of near-bed currents and estimated erosion potential were generally for 2 — 4
years. Significantly longer time series data would be needed for adequate characterization of the
inter-annual variability. Nevertheless, near-bed currents and estimated sediment erosion
frequency on the Beaufort shelf break and upper slope demonstrate strong inter-annual
variabilities at all geographic areas. At BR-2, the 95" percentile current speed was 19 cm/s and
sediment erosion occurred for 5.3% of the time for 2011-2012 (Table 3). However, in the
following year the 95" percentile current was 26 cm/s and sediment erosion occurred for 16% of
the time. At BR-B site on the western central Beaufort Shelf, the annual 95" percentile current
speeds range from 20 to 30 cm/s and sediment erosion frequency varied from 7 to 17% of the
time over the 2009-2013 period (Table 4). The maximum bottom currents also vary significantly
from year to year. For instance, the maximum bottom currents ranged from 52 to 76 cm/s for the
period of 2003-2006 at CA04 (Table 5) on the upper slope of the eastern Central Beaufort Shelf.

Although overall seasonal patterns of bottom current intensity are demonstrated by the multiple
year data (discussed in the previous section), the inter-annual changes of the seasonal patterns
can be quite strong. The bottom currents in the spring of 2009-10 at BR-B were the weakest that
year and rarely exceeded 19 cm/s (Figure 3-3-2). The currents in the spring of 2010-11, however,
reached nearly 40 cm/s and the frequency of strong current events was as high as other seasons
(Figure 3-3-3). Bottom currents were strongest (> 50 cm/s) and occurred frequently in the ice-
covered winter months (December to March) in 2009-10 and 2010-11 at BR-B. In contrast,
bottom currents in the winter months of 2011-12 barely reached 30 cm/s and sediment erosion
frequency was thus lower than the summer and fall seasons (Figure 3-3-4). Similar inter-annual
changes in the seasonal patterns of bottom currents are also observed at other shelf break sites
(e.g. Figures 3-4-2, 3-4-3, 3-4-4 for SIC2 site).

4. Oceanographic processes and distribution of the erosion/non-deposition zone
4.1 Characteristics and distribution of the erosion/non-depositional zone

The surficial geological zones on the map presented in Figure 1 outline the mud deposition
(green), the erosion zone (brown), and the non-deposition zone (red). All involve Holocene age
sediments radiocarbon dated in cores located at or correlated to the shelf break, both at the
seabed and to at least several metres below the sediment surface (King et al. 2017). The
Holocene mud (green) is a continuous blanket of 0.5 — 15 m thickness mapped both on the shelf
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and upper slope flanks of the erosion and non-deposition zones. The mud deposit is acoustically
stratified on the slope where it covers a de-glacial blanket with similar character. The Holocene
mud layer thins from locally over 10 m to a few metres at 600 m water depth and beyond. It
should be noted that the extent of the Holocene mud distribution in the map figures is
constrained by the mapping limit and does not imply that these are the boundaries of this unit on
the shelf and on the upper slope; it continues both landward and seaward. The erosion zone
(brown) is a narrow belt situated along the shelf break ranging from 0.2 — 15 km in width,
generally narrowing eastward and extends ~300 km along the shelf break and uppermost slope in
water depths from 70 — 300 m. It is a very narrow belt on the western Mackenzie Trough flank
but widest on the outer, eastern flank. It is likely a continuous erosion belt, but not demonstrable
where it was interrupted by a large mass failure scarp (Fig. 1) which displaced these sediments
far down the slope (Cameron et al. 2019). On both flanks of Kugmallit Canyon the erosion is
enhanced (Fig. 3-4-1), and extends to greater water depth, apparently affected by the canyon
topography, despite mud deposition in the thalweg. Erosion depth is typically 5 — 20 m,
diminishing eastward to a few metres or less before it is entirely unregistered near the mouth of
Amundsen Gulf. As stated in the methods section, the non-deposition zone (red) marks the
pinchout of the shelf-situated Holocene blanket. The non-deposition zone is recognized in
narrow and broad areas from the western to eastern shelf extending over 200 km and varies in
width from 0.5 to almost 10 km. Its “zero-edge” is typically convoluted in map view, reflecting
the spatial variability of conditions suitable for net deposition. This zone is interpreted as one of
mud bypass maintained by the currents responsible for the erosion zone. In theory, the non-
deposition zone should be present both landward and seaward of the erosion zone. However, the
mapping constraints together with the structural disturbance did not allow the mapping of this
unit seaward of the erosion zone. The maximum width of the combined erosion and non-
deposition zones is ~15 km on the eastern flank of the Mackenzie Trough and ~18 km on the
central Beaufort Shelf. The cause of the seabed erosion must be able to account for many metres
of exhumation in the long term; the outer Mackenzie Trough locality experienced over 20 m
erosion of sediments demonstrated to post-date the erosion associated with a lower sea level.

4.2 Correlation of erosion/non-depositional zones with oceanographic processes

In a DFO and NRCan collaborative study, a 3-D circulation model was applied in the Beaufort
Sea towards demonstrating the pattern of the BSJ surges and its correlation with the mapped
erosion/non-deposition zones (Ding and Wu, 2016). The model used is TOPAZ4, the latest
version of TOPAZ, a coupled ocean-sea ice data assimilation system for the North Atlantic
Ocean and Arctic (Sakov et al., 2012). The model outputs 3-D, daily mean fields of temperature,
salinity, velocity and other ocean and ice parameters at 12.5 km resolution. The spatial patterns
of the modelled currents at the core of the amplified BSJ for selected events were compared with
the distribution of the mapped erosion and non-deposition zones to determine their correlation.
The pattern and location of the modelled BSJ matches the mapped 300 km long erosion and non-
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deposition belt suggesting a causal relationship (King et al. 2017). The cross- and along-shelf
variations of the intensity of near-bed currents and sediment erosion derived in this study are
compared with the mapped spatial patterns of the erosion/non-deposition zones to further
demonstrate the correlation between mapped erosion/non-depositional zones and present
oceanographic processes on the Beaufort shelf break and upper slope.

If the outer shelf site I is translated ~40 km to the southwest roughly parallel with the local
isobaths (Figure 3-3-1), Sites I, BR-B, IMP85B, and BR-A1 form an approximate cross-slope
transect at the WCBS area. The 95" percentile speed and sediment erosion frequency were
averaged for durations ranging 1 - 4 years for these four sites (Table 4). The averaged values are
plotted as a function of distance away from the shelf break site BR-B in Figure 4-1a. Currents
and sediment erosion were the strongest along the shelf-break at the BR-B site where the
averaged 95 percentile current speed was 25 cm/s and the sediment erosion frequency reached
12.4% of the time. At the upper-slope site IMP85B, the 95 percentile current speed decreased
substantially to 16 cm/s and sediment erosion frequency also dropped to only 3% of the time.
These values were further reduced respectively to 13 cm/s and 1.3% of the time at the slope site
BR-AT1 (in 660 m water depth). Shoreward from the shelf break, extrapolated bottom currents
data at the outer-shelf site I show that the 95" percentile current speed was ~16 cm/s and
sediment was eroded in 2% of the time, illustrating that current intensity and sediment erosion
potential decrease significantly from the shelf-break (BR-B) to the outer shelf as well. The
bottom current intensity and sediment erosion data over the four sites along the cross-slope
transect at the WCBS area therefore suggest that the BSJ current surges were the strongest along
the Beaufort Shelf break (BR-B site) and decrease significantly both seaward on the upper slope
(IMP85B site) and landward on the outer shelf (Site I). Site BR-A1 and Site I likely represent
respectively the seaward and landward limits of the impact zone of the amplified BSJ. The width
of the zone over which the BSJ surges effectively impact the seabed is estimated as ~20 km at
the WCBS area. Mooring sites SIC2, CA04, and CA07 comprise another cross-slope transect at
the ECBS area (Table 5 and Figure 3-4-1). Similar variation patterns of current and erosion
magnitudes are also found along this across-slope transect at the eastern Central Beaufort Shelf
(ECBS) area (Table 5 and Figure 3-4-1). Site I could again represent the outer shelf site of this
transect by extrapolating it northeastward to the landward end of the transect. Cross-slope
variations of the mean 95™ percentile speed and sediment erosion frequency averaged for
durations over 2 - 3 years are shown in Figure 4-1b. Along this transect at the ECBS area, bottom
currents and sediment erosion were again the strongest at the shelf-break site SIC2 where 95"
percentile speed and sediment erosion frequency were 17.5 cm/s and 4% respectively. Current
intensity and sediment erosion decreased slightly at the upper slope site CA04 and decreased
substantially at the slope site CA07 where 95" percentile speed was 12 cm/s and sediment
erosion frequency was ~2%. Landward from the shelf break at the outer-shelf site I, these values
also decreased to <16 cm/s and ~2% respectively. These variations suggest that the impact zone
of the BSJ surges is 20 — 25 km wide for the ECBS area. Since the maximum width of the
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Figure 4-1 Cross-slope variations of the averaged 95" percentile current speed and sediment
erosion frequency for transects at (a) WCBS area and (b) ECBS area (averaged over 2011-13 for
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combined erosion and non-deposition zones is estimated to be 15 — 18 km, the estimated widths
of the BSJ impact zone based on bottom currents and sediment erosion data are in qualitative
agreement with the cross-slope scale of the mapped erosion/non-depositional zone.

BR-2, BR-B and SIC2 sites together represent a west to east transect along the shelf break
(Figure 1; Tables 3 to 5). The averaged 95 percentile speed and sediment erosion frequency
along this along-slope transect over the Beaufort shelf break are shown in Figure 4-2a. The 95™
percentile speed and sediment erosion frequency at BR-2 in the WBS-MT area were respectively
~23 cm/s and ~11%. These values decreased slightly to ~22 cm/s and ~9% respectively at BR-B
site on the western central Beaufort Shelf and were further reduced to ~18 cm/s and 4% at SIC2
on the eastern central Beaufort shelf. This eastward trend of decreasing bottom current intensity
and sediment erosion frequency along the shelf break corroborates the eastward diminishing
widths and erosion magnitude of the combined erosion and non-deposition zones described in
Section 4.1.

Sites AS84/SS-4b, IMP85B, CA04 and CA13 collectively represent an along-slope transect over
the Beaufort upper slope (Figure 1; Tables 3 to 6). The along-slope variations of 95" percentile
speed and sediment erosion frequency for these sites are shown in Figure 4-2b. In contrast to the
shelf break, 95" percentile speed and sediment erosion frequency data on the upper slope seems
to demonstrate a trend of increasing current intensity and sediment erosion frequency from the
west to the east. The values of 95 percentile speed steadily increased from ~13 cm/s to ~18
cm/s while that of sediment erosion frequency increased from ~2% to ~5%. However, this along-
slope trend for the upper slope setting should be considered tentative given the uncertainty
caused by the differences in years and duration of mooring data for the four upper slope sites
(see Table 1).
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5. Summary

Reviews of other studies indicate that present day sediments delivered to the Canadian sector of
the Beaufort Sea are predominantly supplied by the Mackenzie River. The river delivers ~125
Mt per year of mainly fine grained sediments. Approximately 50 Mt of this are deposited in the
delta, ~60 Mt are deposited on the shelf and ~15 Mt are exported beyond the shelf edge to the
continental slope. The sediments discharged from the river move across the shelf to the shelf
edge and upper slope via cycles of deposition, resuspension and transport that are mainly
controlled by the extensive open water, the dispersal and transport by the turbid Mackenzie River
plume, and the intense resuspension and transport by strong waves and wind-driven currents
during storms. During the open-water season, high waves and wind-driven currents during
storms result in widespread sediment resuspension and transport on the shoreface and inner shelf.
Recent observations on the outer shelf suggest that resuspension of fine sediments and their
advection to the shelf edge should be expected during downwelling-favorable wind conditions.
Once sediments are resuspended, they will be transported across and along the shelf by wind-
driven and downwelling currents through the development of both the bottom and intermediate
Nepheloid layers. The conditions required to set the Nepheloid layers in motion, however, are
not well understood. More process-oriented studies are needed to resolve the mechanisms
underlying the formation and motion of the Nepheloid layers and their interaction with the shelf-
break jet on the upper slope.

Hydrodynamics on the Beaufort shelf break and slope are dominated by the Beaufort Shelf-break
Jet (BSJ) which is a bathymetrically steered, eastward subsurface flow of the Pacific-origin
waters trapped along the shelf break and upper slope. The width of BSJ is 10-15 km and its core
lies at 50 — 250 m depths. The mean currents are ~9 cm/s and maximum speeds of the amplified
BSJ surges can be >100 cm/s. Analyses and interpretation of current and sediment trap data from
oceanographic moorings of several previous studies provide preliminary evidence that the
presence and current surges of the BSJ, the generation and meandering of eddies associated with
the BSJ, and the generation and descending of cold dense winter water are the dominant
processes that cause erosion and transport of sediments on the Beaufort shelf edge and upper
slope. Thermohaline convection associated with rapid ice formation and downwelling-favorable
storm winds act as the main mechanisms that cause the amplification of the BSJ.

Existing mooring and near-bed current data have been compiled from various sources. Current
data from 11 sites, spanning from the Mackenzie Trough, eastward to eastern Beaufort Shelf,
were selected and analyzed to characterize the shelf break area where earlier work indicated
periodic erosion and where recent seabed mapping has delineated this erosion and demonstrated
its development through the Holocene. The selected mooring data were collected from 1984 to
2013 and encompass outer shelf to continental slope settings in water depths of 75 — 660 m. The
selected current data were mostly measured at 10s to 100 m above bottom. As bottom currents
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are required for proper assessment of near-bed currents and sediment mobility, the empirical
power law formulae of Soulsby (1997) was applied to extrapolate current speeds measured in the
water column to the near-bed values. The measured and extrapolated near-bed current data,
largely at 6 - 10 mab, were analyzed and compared with the threshold for sediment erosion to
derive a preliminary regional framework of near-bed currents and sediment mobility on the
Beaufort Shelf break and upper slope.

Analyses of measured and extrapolated near-bottom currents and the resulting sediment erosion
potential demonstrate that currents and sediment mobility on the shelf break and upper slope
likely are greater than the mid- and outer shelf. Events with maximum bottom currents of 60-80
cm/s periodically occur and maximum sediment erosion frequency can reach 17% and 7% of the
time on the Beaufort shelf break and upper slope respectively. Bottom currents and sediment
erosion are generally stronger along the shelf break than on the upper slope. The yearly 95
percentile current speed ranges 20 — 30 cm/s and sediment erosion occurs 5 — 17% of the time at
the shelf break near the Mackenzie Trough and on the western Beaufort Shelf. The values of
these parameters on the upper slope decrease to 12 — 16 cm/s and 1 — 3% respectively. The
direction of currents at the peak of strong current events is strongly controlled by the local
bathymetry and is roughly parallel to the local isobaths. The strongest currents at BR-2 on the
eastern flank of the Mackenzie Trough were predominantly to the north and to the SSW, while
the strongest currents were dominantly to the NE and to the ENE at BR-B on the central
Beaufort shelf break.

Bottom currents and inferred sediment erosion show strong seasonal patterns and inter-annual
variabilities. At the shelf break, the overall magnitude and frequency of strong current and
sediment erosion events tend to be the weakest in the spring, increase moderately in the summer
and are the strongest in the fall and winter. On the upper slope, however, the magnitude and
frequency of strong currents and sediment erosion are generally the weakest in the spring, weak
to moderate in the summer and fall, and most energetic in the early winter during rapid ice
formation and in the ice-covered winter months. The intensity and seasonality of the bottom
currents and sediment erosion on the Beaufort shelf break and upper slope can also change
significantly on a yearly base. The annual 95" percentile current speeds at the shelf break on the
western central Beaufort Shelf are found to change from 20 to 30 cm/s and sediment erosion
frequency vary from 7 to 17% of the time over the 2009 - 2013 period.

Observed near-bottom currents and estimated sediment erosion frequency along cross-slope
transects demonstrate that currents and sediment erosion are the strongest along the shelf break
and decrease both seaward on the upper slope and landward on the outer shelf. The width of the
impact zone of the amplified BSJ based on the current and sediment erosion data is 20 — 25 km.
These are in qualitative agreement with the 15-18 km widths of the mapped erosion and non-
deposition zone. In the along slope direction, current intensity and sediment erosion frequency
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are found to decrease from the west to the east over the Beaufort Shelf break. This supports the
decreasing trend from the west to the east of the width of the mapped erosion and non-deposition
zone. These conformities in the cross- and along-slope spatial patterns between the impact zone
of the amplified BSJ and the mapped erosion/non-deposition zones suggest that the presence and
amplification of the BSJ is likely the mechanism for the genesis and maintenance of the erosion
and non-deposition zones on the shelf break and upper slope in the Beaufort Sea. They must
have been active on the long term to accomplish many metres of erosion at some localities.
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