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Abstract We describe and model the evolution of a recent landslide, tsunami, outburst flood, and sediment
plume in the southern Coast Mountains, British Columbia, Canada. On November 28, 2020, about 18 million
m? of rock descended 1,000 m from a steep valley wall and traveled across the toe of a glacier before entering
a 0.6 km? glacier lake and producing >100-m high run-up. Water overtopped the lake outlet and scoured a
10-km long channel before depositing debris on a 2-km? fan below the lake outlet. Floodwater, organic debris,
and fine sediment entered a fjord where it produced a 60+km long sediment plume and altered turbidity, water
temperature, and water chemistry for weeks. The outburst flood destroyed forest and salmon spawning habitat.
Physically based models of the landslide, tsunami, and flood provide real-time simulations of the event and can
improve understanding of similar hazard cascades and the risk they pose.

Plain Language Summary Glacier retreat exposes unstable slopes that can suddenly fail. We
describe and model one such event with far-reaching consequences. The landslide mass (50 million tonnes,
equivalent to the combined mass of all Canadian automobiles) entered and suddenly drained a 0.6-km? alpine
lake in the southern Coast Mountains of British Columbia. Displaced water destroyed salmon-spawning habitat
over a distance of 8.5 km and created a plume of sediment and organic matter more than 60 km from the head
of the fjord into which the floodwaters discharged. Physically based models are able to simulate the hazard
cascade, and such models could be used to improve hazard and risk assessments of these events under future
climate change.

1. Introduction

Global glacier retreat is accelerating (Hugonnet et al., 2021). In high mountains, glacier shrinkage is destabilizing
valley walls, leading to deep-seated gravitational movement, rockfalls, and rockslides (Cossart et al., 2008; Deline
et al., 2021; Kos et al., 2016). In some settings, landslides that begin high on the flanks of mountains can trans-
form into complex mass movements that trigger destructive and potentially deadly cascades of debris and water
(Alford & Schuster, 2000; Chiarle et al., 2021; Evans et al., 2021; Hermanns et al., 2004, 2020; Hermanns, Dahle,
et al., 2013; Hermanns, L’Heureux, et al., 2013; Hubbard et al., 2005; Shugar et al., 2021; Vilca et al., 2021).
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The southern Coast Mountains of Western Canada contain over 8,000 km? of glacier-covered terrain (Bevington
& Menounos, 2022; Bolch et al., 2010), and this region is currently experiencing some of the highest rates of
glacier mass loss on Earth (Hugonnet et al., 2021; Menounos et al., 2019). Recent increases in rockslides and rock
avalanches on massifs experiencing deglaciation, both in the Coast Mountains and elsewhere, attest to the associ-
ation between glacier retreat and landslide frequency (Geertsema et al., 2006; Friele et al., 2020; Liu et al., 2021).
Glacier retreat can also expose basins in which ice-contact or proglacial lakes form. Occasionally, these lakes
fail catastrophically, generating extremely large floods (Veh et al., 2020), of which there are notable examples
in British Columbia (Blown & Church, 1985; Clague & Evans, 2000). Although no landslide or outburst flood
associated with recent glacier retreat in Western Canada has resulted in fatalities, notable increases in resource
development, tourism, and municipal development will elevate the risk posed by these phenomena in the future.

In this study, we describe and model a recent landslide, tsunami, and outburst flood that occurred in recently
deglaciated terrain within the traditional territory of the Homalco First Nation near the head of Bute Inlet, in
the southern Coast Mountains of British Columbia (Figure 1). The landslide displaced water from a glacial lake
and sent a torrent of water and debris down a salmon-bearing stream and into the ocean. We herein use the term
tsunami to describe one or more waves that arise from a landslide entering a lake or fjord (e.g., Carey et al., 2012;
Higman et al., 2018; Roberts et al., 2014). Our focus is on the terrestrial characteristics of the event, but we also
briefly touch on the impacts to the marine environment of Bute Inlet. We describe the characteristics of the land-
slide source area, the movement of the failed rock mass, the landslide tsunami, the outburst flood down Elliot
Creek, and some of the impacts in Bute Inlet. We also give an overview of the ecological impacts of the events on
terrestrial and aquatic environments. Finally, we show that a physically based model can accurately simulate in
real time the Elliot Creek event and thus could be applied in other glaciated mountain areas to better understand
hazards and risks.

2. The Elliot Creek Landslide, Tsunami, Outburst Flood, and Sediment Plume

The event occurred in the Pacific Range of the British Columbia Coast Mountains, near the head of Elliot Creek,
a tributary of the Southgate River (Figures 1 and 2). Local relief in the Elliot Creek watershed exceeds 1,600 m,
and valley slopes are steep as a result of repeated Pleistocene glaciation. “Elliot Lake” (informal name) is a
2-km long, 350-m wide lake that formed during retreat of a valley glacier in the twentieth century (Figure 1). On
November 28, 2020, a seismic event detector network recorded a landslide within 60 km of Elliot Creek, but its
location was unclear until forestry workers discovered its aftermath some two weeks after the event.

2.1. The Landslide

Digital elevation model (DEM) analysis of lidar datasets acquired before and after the landslide reveal that
18.6 + 0.34 (+20) million m? of rock detached from a large body of weakly foliated quartz diorite with two
prominent joint sets, one striking parallel to the slide flank and one striking parallel to the valley (Figure S2).
Feature tracking using optical imagery methods (Dai et al., 2020) show that the pre-slide rock mass was moving
horizontally at a rate of 0.4 + 0.1 m yr~! (Figures S3 and S4). InSAR analysis indicates 15 cm of movement from
June to October 2020 (Figures S5 and S6).

The main seismic signal produced by the landslide comprised long-period waves equivalent to a local M ~ 5
earthquake (Figures S7 and S8). In addition, a number of small earthquakes were recorded in the vicinity of Elli-
ott Creek in the 6 hr preceding the slide (Figures S9 and S10). Post-event observations and subsequent modeling
reveal that the slide mass moved nearly 1,000 m downslope in about 70 s. About 40% of the fragmented rock
mass came to rest on the toe of the glacier above the lake. The remaining debris ran up the distal slope on the
west side of the valley before entering the lake and creating a tsunami that exceeded 100 m in height. Using the
approach proposed by Chow (1959), which equates potential to kinetic energy, and the highest observed landslide
run-up (120 m), we obtain a peak and mean velocities of 48 and 34 m s~!, respectively, for the slide mass that
entered the lake.

The landslide followed a year of above-average precipitation (Figure S1). A precipitation event delivered
30-103 mm of rainfall in the week leading up to the landslide, with peak 24 hr precipitation of 10-58 mm
at nearby low-elevation meteorological stations (Supporting Information SI). Higher elevation stations (1,481—
1,574 m above sea level [m asl]) had snow cover of 52—125 cm, with mean temperatures below freezing for the
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Figure 1. Map of study area. Panel (A): Lidar elevation difference map showing landslide source, or zone of depletion (red)
and deposit, or zone of accumulation (blue) zones as well as glacier extents over time. Panels (B and C): Deposition and
erosion by the outburst flood. Bottom right: The location of the Elliot Creek landslide and other landslides in glaciated areas
in British Columbia (see Table S1).
duration of the event. Snowmelt may have contributed 10-30 mm of water to the rock mass in the landslide source
area, but temperatures were near freezing in the lead-up to the failure.
The 2020 landslide was predated by an earlier, undated rockslide (Figures 2 and S2) that ran across a more exten-
sive glacier sometime before 1951 (Figure 1).
2.2. Tsunami
Some 13.3 million m? of fragmented and bulked landslide debris traveled into the lake, forming several islands
and reducing its area from 0.62 to 0.51 km?. Sediment eroded from the shoreline by the push wave (as deep as
GEERTSEMA ET AL. 3of 12
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Figure 2. Oblique view of the November 28, 2020 rock avalanche (scarp solid white line) looking downstream into Elliot
Lake and beyond into Elliot Creek. Note the trimline of the landslide-generated tsunami (white arrows) and flood that extends
down valley. Note a previous rockslide (dashed white line) and the approximate zone of greatest preslide deformation detected
from InSAR analysis in the year before failure (dotted white line).

12 m) contributed to lake filling. We estimate that approximately 15 million m? of water left Elliot Lake during
the landslide and tsunami.

The tsunami produced a trimline on both sides of the lake (Figures 2 and 3). The run-up trimline on the west
side of the lake reaches up to about 114 m above lake level, some 41 m higher than along its east side. Modeling
of the slide and tsunami (Supporting Information) indicates the arrival of the slide mass at the lake within about
30 s (Figure 3). Numerical modeling indicates that the initial wave reached 72 m above the lake at its northeast
end, close to the run-up observed in the satellite imagery (Figure 3; see animation at link under Data Availability
Statement). The modeled leading wave traveled down the lake at speeds approaching 30 m s~! and overtopped
the lake outlet about 70 s after entering it. Our simulations show the subsequent arrival of reflected waves
that are slower and smaller in amplitude (Supporting Information). The wave breaking limit, defined by Grilli
etal. (1997) as a,,/h equals 0.78, where a,, is the difference between the wave crest and the water surface elevation
and & is the maximum water depth, which was reached when the wave overtopped the moraine dam.

The outflow hydrograph, which we used as inflow into the downstream outburst flood model, was determined
using a cross-section spanning the entire valley approximately 20 m south of Elliot Lake. The volume discharged
by the leading wave is 12.0 X 10° m?, and the total water discharged after accounting for all reflected waves is
13.5 x 10° m?. Based on the pre-event surface topography, a lake volume loss of 13.5 X 10° m? would result in a
reduction of 1.8 m in lake level. The discrepancy between the model and field estimates of lake water likely arises
from uncertainty in pre-event lake volume and failure to account for sediment transport out of the lake basin. A
wave overtopping the lake outlet with a peak flow of approximately 450,000 m? s~! would also erode the crest of
the dam, reducing its height and allowing for a larger volume to be released from the lake by the reflected waves.
As a result, the breach hydrograph of the leading wave is considered to be a reasonable estimate.

2.3. Outburst Flood

We use the depth-integrated flow model COULWAVE (Kim et al., 2009) to simulate the flood dynamics imme-
diately downstream of the lake. COULWAVE is typically used for coastal storm and tsunami investigations (e.g.,
Montoya & Lynett, 2018) and is applied here to capture the relatively small-scale behavior of the flooding wave.
The flow model was initialized using the wave predicted by FLOW-3D with a spatial resolution of 3 m (Support-
ing Information). COULWAVE simulates the properties of the initial surge of the flood but does not include the
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Figure 3. Summary of near-source numerical simulation results. FLOW-3D HYDRO model results for depth and velocity
at six times: (a) 2, (b) 20, (c) 34, (d) 42, (e) 54, and (f) 86 s. Also shown COULWAVE model results for velocity at times:
() 95, (h) 120, and (i) 140 s. All times are in seconds after release of the rock mass above Elliot Lake. The pre-slide lake
shoreline is marked by the white contour, and the flood wash line by the magenta contour.
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Figure 4. Modeled outburst flood (a) water depth, (b) flow velocity, (c) bed shear stress, and (d) sediment deposition, all 6 min after the moraine dam was breached.
Inset in panel (D) is the fan after 20 min; note the different color scales.

effects of debris entrainment and topography alteration which, as described below, become increasingly impor-
tant with distance downstream and duration of flooding.

COULWAVE-predicted flow velocities reveal the complexity of the flood (Figure 3). At 95 s post-slide
(Figure 3g), the surge entirely overtopped the moraine dam, and the front of the flood was 200 m downstream of
the lake outlet. At this time the flood was moving at a velocity of 35 m s~! down the channel. Two minutes into the
event (Figure 3h), the flood had traveled approximately 1.5 km from the lake; here there was a clear concentration
of flow on the west side of the flooded area, driven by channel orientation. The modeling also reveals linear struc-
tures in the flow, which we interpret to be slowly moving short surface waves manifest as intense hydraulic jumps.
After 140 s (Figure 3i), the flood had progressed another 800 m down the channel and maximum velocities were
still in excess of 35 m s~!. Predicted wash limits accord with observed data (Figure 1), indicating a reasonable
hindcast of this complex event.

The flood wave traveled from the moraine dam to Bute Inlet in about 240 s, corresponding to an average frontal
wave speed of 37.5 m s~! (Figure 4). Predicted water depths averaged about 30 m along much of Elliot Creek,
although water depths reached >50 m in bedrock-constrained reaches of the lower section of the creek (Figure 3).
Estimated flow depths fell below 10 m after 12 min, except immediately upstream of several narrow gorges where
hydraulic ponding occurred. and relatively deep water persisted up to 20 min after water left the lake.

Flow velocities in the main body of the outburst flood are modeled to have exceeded 60 m s~!, but more typically
were >30 m s~! over most of the length of the valley. The highest flow velocities persisted through the 20-min
duration of the falling limb/stage of the flood and were associated with the deepest parts of the flow within the
central thalweg of the lower part of the valley. The model therefore suggests that the main body of the flow
accelerated down the valley.

The flood in the upper reaches of Elliot Creek behaved as a Newtonian fluid but increasing bank failure and bed
erosion provided sufficient sediment for the flood to transform into a non-Newtonian debris flood. The modeled
outburst flood was supercritical (Froude number >1.0) along almost its entire route and for most of its 20-min
duration. Sections where the flood was sub-critical are few and include a small topographic expansion about 2 km
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down valley from the moraine dam, on the fan where Elliot Creek entered Southgate River, and along Southgate
River between Elliot Creek and Bute Inlet. A hydraulic jump, marking a sharp transition between the supercritical
and subcritical flow regimes, migrated up the fan during the flood. Bed shear stress likely exceeded 20,000 N
m~2. The greatest bed shear stress occurred between 6 and 20 min after flood onset as the main body of the flood
propagated through the lower reaches of Elliot Creek.

The flood wave eroded and deposited sediment along Elliot Creek (Figure 1). Modeled bed elevation change is
dominated by erosion, but some infilling occurred in the upper part of the valley immediately downstream of the
moraine dam, on the preexisting floodplain and terraces, in some small topographic expansions in the lower gorge
part of the valley, and especially on the fan at the mouth of the valley. A complex pattern of minor erosion and
deposition is modeled to have occurred along the flanks of the lower part of the valley above the gorge walls. In
some sections where the flow was constrained, the channel floor was deepened more than 40 m.

Sequential DEM analysis reveals that the channel lost 8.31 + 2.39 X 10° m? of sediment between the lake outlet
and the fan apex (Figure 1). Of this amount, 3.95 + 2.85 x 10° m? of sediment up to 5-m thick was deposited on
the fan, and the remaining 4.36 X 10°® m? was transported down Southgate River and into Bute Inlet. Deposition
on the fan and the introduction of coarse woody debris into Southgate River briefly dammed the river, raising its
level about 3 m.

The tsunami and flood destroyed about 3 km? of forest. Additionally, some 3.5 km of Coho and Chinook spawn-
ing habitat were damaged in lower Elliot Creek, and about 5 km of Chum salmon spawning habitat in Southgate
River were negatively impacted by deposition of fine sediment. Continued stream avulsions on the Elliot Creek
fan limit remediation of fish habitat.

2.4. Sediment Plume

The event delivered water, sediment, and organic debris to the marine environment in Bute Inlet. About 4 million
m? of sediment eroded from Elliot Creek entered Southgate River, and some of this sediment was carried more
than 60 km down Bute Inlet. The influx of 15 X 10% m3 of freshwater from the outburst flood also changed the
water temperature, salinity, and oxygen levels in the inlet (Figure 5). The largest changes occurred in waters
deeper than 200 m. From October 22, 2020, to December 2, 2020, turbidity increased by about 200% (from 2
to 6 NTUs) between 250 and 600 m depth. A 70-year observation record (Jackson, Bianucci, et al., 2021; Jack-
son, Johannessen, et al., 2021) shows that water temperature cooled from 9.6° to 9.1°C, changing the long-term
warming trend of 1.3°C over this period. Salinity freshened by 0.05, from 30.88 to 30.83, changing the long-term
salinification trend of 0.2 salinity units over 70 years. Oxygen increased 0.36 ml L', from 2.21 to 2.57 ml L™,
changing the long-term deoxygenation trend of 0.6 ml L~! over 70 years.

3. Discussion

The trigger for the Elliot Creek landslide is unknown, but factors that led to the failure include fractured bedrock
with favorably oriented joints and debuttressing of the base of the slope due to glacier retreat. A gradual reduction
in normal stress at the toe of the slope and progressive fatigue of the rock mass, concentrated along fractures,
decreased the overall stability of the slope over the past century. We expect that permafrost degradation, impor-
tant in many mountain landslides (Deline et al., 2021; Huggel et al., 2012), did not play a role here according
to available gridded models that combine altitude, slope, aspect, air temperature, and potential incoming solar
radiation (Gruber, 2012; Hasler & Geertsema, 2013). An older landslide scar that is visible in aerial photography
reveals that a landslide occurred from the same location before the 1950s. The older landslide likely ran across
the glacier before Elliot Lake formed and thus the catastrophic flood experienced during the recent event could
not have occurred.

The Elliot Creek event is an example of a, sometimes underappreciated, hazard chain in high mountains experi-
encing rapid deglaciation. This event finds itself among other disastrous high mountain landslides that generate
tsunami (Higman et al., 2018; Roberts et al., 2014) and floods and fast-moving mass flows (Carey et al., 2012;
Glancy & Bell, 2000; Franco et al., 2021; Hermanns et al., 2004; Hermanns, Dahle, et al., 2013; Hermanns,
L’Heureux, et al., 2013; Hubbard et al., 2005; Oppikofer et al., 2012; Shugar, Jacquemart, et al., 2021; Vilca
etal., 2021). Rapid glacier retreat may increase the hazard of these events as the number and size of lakes increase
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Figure 5. (Left column) temperature, (middle column) turbidity, and (right column) oxygen of the Bute Inlet water column (top row) before, (middle row) 4 days after,
and (bottom row) 16 days after the Elliott Creek landslide. Contour plots are oriented so that the head of Bute Inlet is on the right and the mouth of Bute Inlet is on the
left. Black triangles indicate station locations. Note that not all eight stations were sampled on December 2 or December 14.

below potentially unstable slopes in alpine valleys undergoing ice retreat. Even small landslides or ice avalanches
into existing and newly formed lakes can displace enough water to induce downstream floods large enough to
cause serious damage and injury (Clague & Evans, 2000).

More than 1,000 glacier lake outburst floods from alpine lakes have been reported globally since 1900 CE, result-
ing in more than 12,500 fatalities, with large amounts of damage to infrastructure and farmland, and disruptions
of transportation and communication (Carrivick & Tweed, 2016). Not all GLOFs are triggered by landslides or
avalanches, but most, like the Elliot Creek event, involve complex down valley flows varying in time and space
from clearwater floods through hyperconcentrated and debris flows (Clague & Evans, 2000; Clague & O’Con-
nor, 2021). In that sense, they are examples of hazard cascades, in which a triggering event produces an outflow
that commonly evolves and causes secondary effects as it propagates down valley (Hermanns et al., 2004;
Kirschbaum et al., 2019; Worni et al., 2014). An assessment of the hazard posed by landslides and avalanches
into alpine lakes requires lake inventories and modeling that can help predict where and why these lakes will
form and grow in the future (e.g., Haeberli et al., 2017; Haeberli & Drenkhan, 2022; Oppikofer et al., 2019;
Shugar, Burr, et al., 2021; Veh et al., 2020;), as well as the likely behavior of outflowing waters in the event of
landslide-triggered tsunami.

The Elliot valley event is by no means the first such event in British Columbia. Notable examples of large
outburst floods resulting from ice avalanches into young moraine-dammed lakes include well document events
at Klattasine Creek (early 1970s; Clague et al., 1985), Nostetuko (1984; Blown & Church, 1985), and Queen
Bess (1997; Kershaw et al., 2005), all within 40 km of Elliot Lake (Figure 1). Fortunately, these and other similar
events in Western Canada have occurred in remote mountain valleys and have not been lethal. However, there
is no assurance that this will be true in the future, given increased development and tourism in these formerly
remote areas.
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Agreement between our physically based modeling of the Elliot Creek event and field evidence of suggests that
such models can be adapted for outburst flood prediction. Further, surface inversion techniques for predicting
topography below current glaciers (Farinotti et al., 2019) have evolved to allow mapping of future lake locations
(Zheng et al., 2021). Combining these data with existing (Clarke et al., 2015) and new (Edwards et al., 2021)
glacier evolution projections will allow researchers to assess recently exposed lakes (Mo6lg et al., 2021; Shugar,
Burr, et al., 2021) and model future lakes as they develop throughout the remainder of this century. Modeled
and measured permafrost degradation and debuttressing data could be used to classify dangerous slopes (e.g.,
Allen et al., 2022; Deline et al., 2021; Haeberli et al., 2017). Existing and new sites of lake formation could then
be combined with topographic, geologic, and development data and incorporated into state-of-the-art physical
models to improve hazard and risk assessments in western Canada and elsewhere.

The Elliot Creek event impacted terrestrial, riverine, and marine environments. It destroyed key salmon spawn-
ing habitats in Southgate River and lower Elliot Creek. These habitats provide important food sources for the
Homalco First Nations. The landslide itself impacted a relatively small area (about 1 km?), but the tsunami and
outburst flood destroyed some 3 km? of forest and removed and buried soil along their paths. Subaerial landslide
sediment plumes (Hughes et al., 2021), though not widely studied, may influence marine ecosystems such as
kelp forests (Kiest, 1993). Although, as mentioned above, landslides and outburst floods have happened in these
mountains for millennia, salmon are now experiencing low returns due to a complex set of factors, including
atmospheric warming and habitat degradation.

Data Availability Statement

Lidar data and landslide, tsunami, and flood animations are available here: https://datadryad.org/stash/share/
VSj-5T1v0_enwOhlalauFxAD1J16ZPJWeKPIz3vXQ90. ERAS data is obtained from Hershbach and Dee (2016).
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