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Submarine mass wasting events have damaged underwater structures and propagated
waves that have inundated towns and affected human populations in nearby coastal areas.
Susceptibility to submarine landslides can be pronounced in degrading cryospheric
environments, where existing glaciers can provide high volumes of sediment, while
cycles of glaciation and ice-loss can damage and destabilize slopes. Despite their
contribution to potential tsunami hazard, submarine landslides can be difficult to study
because of limited access and data collection in underwater environments. Here we
present a method to quantify and map the submarine landslide susceptibility of sediment-
covered slopes in Glacier Bay, Glacier Bay National Park and Preserve, Alaska, using
multibeam-sonar bathymetric digital elevation models (DEMs) and historical maps of glacial
extents over the last ~250 years. After mapping an inventory of >7,000 landslide scarps in
submarine sediments, we filtered the inventory by size to account for limitations in DEM
resolution and spatial scales relevant to tsunami hazards. We then assessed landslide
concentration, accounting for the age of the initial exposure of submarine slopes by
deglaciation. We found a positive correlation between landslide concentration and
deglaciation age, which we interpreted as a mean landslide accumulation rate over the
period of record. Local deviations from this rate indicated differences in susceptibility.
Additionally, we accounted for some of the effect of material and morphometric properties
by estimating the submarine bedrock-sediment distribution using a morphometric model
and assessing the relationship between slope angle and landslide incidence. Finally, we
supplemented our susceptibility assessment with a geomorphic component based on the
propensity of active submarine fans and deltas to produce landslides. Thus, our map of
submarine landslide susceptibility incorporates three components: age-adjusted landslide
concentration, slope angle, and geomorphology. We find that areas of mapped high
susceptibility correlate broadly with areas of high sediment input and availability, locations
of fans and deltas, and steep sediment-covered glacially carved fiords and troughs. Areas
of high submarine landslide susceptibility in Glacier Bay moderately correspond with
locations of known high-hazard subaerial slopes, but more research on submarine and
Subaerial landslides in degrading cryospheric environments would be beneficial to better
understand landslide and tsunami hazards.

Keywords: submarine landslide, susceptibility, bathymetry, deglacation, fjord, fan delta, Glacier Bay National Park,
Alaska
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INTRODUCTION

Submarine mass-wasting events can initiate from both above
(subaerial-to-submarine landslides) and below water (submarine
landslides) and can damage underwater structures such as
communication lines (e.g., Heezen et al, 1959; L'Heureux
et al., 2014; Pope et al, 2017) or cause tsunamis (also known
as displacement waves, Hermanns et al., 2013) that affect
infrastructure at and near coastlines (e.g., Bardet et al., 2003;
Haeussler et al., 2014; Suleimani et al., 2015; Higman et al., 2018;
Coe et al, 2019; Dai et al, 2020). Potential tsunamigenic
landslides include rockslides, rock avalanches, and slides in
unconsolidated marine sediment. In paraglacial landscapes
such as the fjords and mountain slopes adjacent to tidewater
glaciers, cycles of glacial advance and retreat (e.g., Fritz, 2001;
Gréamiger, et al., 2017; Higman et al.,, 2018; Dai et al., 2020) and
permafrost degradation (Bottino et al., 2002; Coe et al., 2018;
Patton et al., 2019; Bessette-Kirton and Coe, 2020; Svennevig
et al., 2020; Hilger et al., 2021) can damage and destabilize slopes
and increase landslide potential (Evans and Clague, 1994;
Ballantyne, 2002; McColl and Davies, 2013; Kos et al., 2016;
Cody et al, 2020). In these regions, fjords can also amplify
tsunamis in their narrow enclosures and produce larger waves
than would similar events in open water (e.g., Fritz, 2001; Geist
et al., 2003; Okal and Synolakis, 2003; Harbitz et al., 2014; Yavari-
Ramshe and Ataie-Ashtiani, 2016). If these sheltered waterways
host human populations or marine activities, they are especially
vulnerable to damage from tsunami waves. To mitigate landslide
risk in paraglacial coastal environments, establishing,
maintaining, and studying inventories of both subaerial and
submarine landslides is critical for understanding the
magnitude and frequency of past events. These inventories are
an important step in identifying areas prone to future slope failure
(landslide susceptibility) and possible tsunami effects (e.g.,
Hermanns et al., 2012; Zaniboni et al., 2021).

Although subaerial landslides are generally easier to observe,
submarine landslides are significant and often underrepresented
sources of hazard for coastal areas (Margottini et al., 2013;
Brothers et al., 2016; Normandeau et al., 2019a). To assess the
frequency characteristics of submarine landslides, high-quality
multitemporal landslide inventories from repeat bathymetric or
geophysical surveys are needed. Recent work using repeat
bathymetry has highlighted the importance of these data in
understanding submarine processes (e.g., Smith et al, 2005;
Mazieres et al.,, 2014; Stacey et al., 2019; Heijnen et al., 2020)
and tying submarine landslides to their triggering mechanisms
(Mountjoy et al., 2018; Normandeau et al., 2019b; Normandeau
et al., 2020; Normandeau et al., 2021). However, because
multitemporal submarine surveys are uncommon, recent or
new submarine landslides can go unnoticed, and both their
triggers and underlying causes are difficult to identify (Masson
et al., 2006; Fan et al, 2020). Furthermore, many common
subaerial slope instability factors such as weather and land use
are largely irrelevant to considerations of submarine landslide
susceptibility, while others such as sediment thicknesses are
virtually impossible to map regionally without expensive
underwater surveys (e.g., core samples or seismic lines).

Submarine Landslide Susceptibility in Deglaciated Terrain

Additional complications include the high mobility of
submarine landslides, which make it difficult to identify
landslide deposits and failure types in submarine survey data
(Locat and Lee, 2002; De Blasio et al., 2006). As a result, past
studies have focused on assessing individual submarine landslides
or slopes for underlying causes or triggers (e.g., McAdoo et al,
2000; Hansen et al., 2013; L’Heureux et al., 2013; MacKillop et al.,
2018; Brothers et al., 2019; Fan et al., 2020). However, predictive
maps and broader regional assessments of susceptibility are a
relatively new endeavor in submarine geoscience. Recent
submarine landslide susceptibility assessments have focused on
continental margin (e.g., Collico et al.,, 2020; Innocenti et al,
2021) or lake (e.g., Strasser et al,, 2007; Strasser et al.,, 2011)
environments, rather than on fjords and bays in glaciated or
recently deglaciated terrain. However, with continued availability
of high-resolution bathymetry, more work is being done to assess
the numerous geohazards in glaciated marine settings (e.g.,
morphological analyses tied to tsunamigenic landslides, Stacey
et al,, 2018; turbidity currents, Normandeau et al., 2019b).

Without age constraints for mapped landslides or detailed
knowledge of the longevity of scarp and deposit persistence in the
terrain, determining landslide susceptibility based on extant
features is limited by the unknown timing and frequency of
landslides and their triggers. Previous studies have produced
statistical age estimates for subaerial landslide inventories by
using dating techniques on a subset of landslides and
referencing the ages to morphologic age-proxies (e.g., surface
roughness of deposits) for the entire inventory (e.g., Bell et al,
2012; LaHusen et al,, 2016; LaHusen et al., 2020; Booth et al,,
2017). Although less common, some submarine landslides have
been dated from sediment cores and seismic reflection data (e.g.,
Schnellmann et al., 2006; Strasser et al., 2013; Bellwald et al., 2016;
Stacey et al., 2018). Strupler et al. (2019) further demonstrated the
possibility of creating a local subaqueous landslide age calibration
curve by correlating landslide roughness with previously
established ages. Several studies have also shown a correlation
between scarp diffusion and relative age in both subaerial (e.g.,
Bucknam and Anderson, 1979) and submarine environments
(e.g., Vargas and Idarraga-Garcia, 2014). Despite these successes,
in submarine environments, the limitations in access, resolution,
and diffuse landslide deposits largely preclude dating most
landslides in comparable ways. However, in recently
deglaciated terrain, maximum age constraints can be
determined by the timing of deglaciation. To conduct
submarine susceptibility assessments in these environments,
accounting for the timing of deglaciation is an important
consideration because the number of landslides should vary
not only based on differences in the material, morphometric
properties, and triggering conditions, but also as a function of the
exposure age of submarine slopes after glacial retreat.

In this paper, we present an approach to mapping submarine
landslide susceptibility in unconsolidated sediments in recently
deglaciated fjords and bays in Glacier Bay National Park and
Preserve (GBNPP) in southeast Alaska (Figure 1). Glacier Bay
National Park is visited by hundreds of thousands of people in
cruise ships and tour boats each year (about 643,000 people in
2019; National Park Service, 2020) and has a history of landslide-
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FIGURE 1 | Overview map of Glacier Bay and surrounding area. Bathymetry is sourced from two multi-beam sonar data collections in 2009 and 2001 for the
northern and southern portions, respectively (NOAA and USGS). Earthquakes magnitude 4 and above are plotted at their epicenters for the period of 1899-2009
(compiled from https://earthquake.usgs.gov/earthquakes/search/). Glacial extent locations since the Little Ice Age are shown with their labeled years and are compiled
from Powell (1980) and refined using other original sources (see Materials and Methods). For visual clarity, not all extents are shown on this map. Background
imagery is from 2018 Landsat data. Inset map shows regional tectonic setting and geographic overview.

%

Areas Missing
ata

4 — 7+ (magnitude)

136° W

58.2° N

136.4° W 136.2° W

135.8° W

generated tsunamis (e.g., Coe et al, 2019). To perform the
susceptibility  assessment, we modeled morphometric
properties to differentiate submarine rock and sediment,
evaluated the bathymetric characteristics of an inventory of
more than 7,000 submarine landslide scarps in sediment (see
Avdievitch et al., 2020 for these data), and incorporated failure-
prone fans and deltas. Additionally, we accounted for varying
submarine slope exposure times using existing maps of glacier
terminus positions from about 1750 to present (all calendar years
are given as Common Era). Our work, while leaving room for

improvement as new and better data become available, provides
insights into the relative susceptibility of different submarine
slopes. After we account for exposure age, our basic dataset of
>7,000 landslide scarps implicitly addresses material properties,
sediment thickness, and other variables that control landslide
susceptibility but are difficult to constrain in submarine
environments. For example, sediment on slopes with a high
concentration of scarps may have inherently lower shear
strength than sediment on slopes with a low concentration of
scarps. If new bathymetric or geotechnical data become available
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FIGURE 2 | Earthquake history in regional circular window (1,400 km maximum distance) surrounding Glacier Bay. Period of record started in 1899 and is compiled

here through 2009 (from https://earthquake.usgs.gov/earthquakes/search/). Detection rate of earthquakes below magnitude (M) 5 is limited before 1973. (A) Plot of year
vs. earthquake magnitude with shading as a function of distance from Glacier Bay. (B) Plot of estimated maximum landslide-inducing earthquake distance as a function
of earthquake magnitude, adapted from Keefer (1984). These subaerial landslide-derived data serve as a conservative estimate for submarine landslides that have
been shown to occur at greater distances from earthquake epicenter (e.g., Fan et al., 2020). (C) Log-normal plot of earthquakes from Plot A expressed as a fraction of
maximum landslide-inducing distance for that magnitude, i.e., the outer envelope of Plot B.

in the future, particularly following a single regional triggering
event such as an earthquake, our susceptibility approach and
results could be evaluated based on landslides caused by that
event. Given that Glacier Bay is along an active tectonic plate
boundary (Figure 1), it is a question of when, not if, an
earthquake will occur to test our results against a single
triggering event.

REGIONAL SETTING

Glacier Bay is a network of inlets and fjords that sits within the
greater GBNPP along an approximately 1,200 km transform plate
boundary between the Pacific and North American Plates
(Figure 1). The Fairweather-Queen Charlotte Fault system,
which marks the boundary, is onshore in GBNPP and
accommodates relative motion between the plates through
dextral slip of approximately 4.3 cmyr™" (Elliott et al, 2010).
To the east of GBNPP, the Denali Fault system continues from
the Alaska Range and, along with the Fairweather Fault,
contributes to the region’s seismicity (Bufe et al, 1994;
Mueller et al., 2015). In submarine environments, earthquakes
are arguably the most well-documented landslide triggers (Fine
et al., 2005; Masson et al., 2006; Johnson et al., 2017; Fan et al,,
2020). Seismic data in the Glacier Bay region, dating back to 1899,
show a consistent occurrence of earthquakes (Figure 2A) with
distance and magnitude characteristics capable of inducing
landslides (Keefer, 1984; Fan et al., 2020). In 1958, one of the
best-known examples of a tsunamigenic subaerial-to-submarine
landslide occurred in Lituya Bay, on the west side of the park,
following a M7.8 earthquake (Miller, 1960). In 1964, the second

largest earthquake ever recorded (M9.2 “Good Friday”
Earthquake) (Hansen, 1966; Haeussler et al, 2014; Brothers
et al, 2016) initiated some 600 km from Glacier Bay. Since
1958, at least 90 >M4.0 earthquakes have occurred within
100 km of the park (Coe et al., 2019).

GBNPP hosts some of the lowest-latitude tidewater glaciers on
the planet, sustained at sea level by a wet and moderate maritime
climate with high orographic precipitation rates of up to
800 cm yrf1 (Cowan et al, 2010) and a mean of about
176 cm yr~* (Syverson and Mickelson, 2009). Glacier Bay has a
significant and largely unknown history of late-Quaternary
glaciation with the last major advance ending at the end of the
Little Ice Age (LIA), about 1750 (Mann, 1986; Seramur et al.,
1997; Cowan et al., 2010). Since then, most glaciers in Alaska have
been thinning and retreating (Larsen et al., 2004; Molnia et al.,
2007; Molnia, 2007). Glacier Bay currently occupies
approximately 1,200 km? although it has continuously
increased in area as retreating tidewater glaciers expose new
previously ice-filled inlets and fjords. Over the last ~250 years,
extensive retreat has resulted in the formation of the entire bay
from its mouth. The West and East Arms have been exposed in
their entirety since about 1860 (Figure 1). During the LIA, the
Glacier Bay ice field reached a maximum thickness of
approximately 1.5km in the West Arm (Larsen et al., 2005).
Bathymetry reveals depths of more than 400 m below mean sea
level (mbmsl) in the West Arm where glacial erosive forces were
highest. As a result of viscoelastic rebound from significant ice
loss since the LIA, GBNPP has an uplift rate of up to 3 cmyr ',
one of the highest on Earth (Clague and Evans, 1993; Larsen et al.,
2004; Larsen et al., 2005). Studies in other parts of the world show
that active uplift increases erosion and landslide frequency (e.g.,
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FIGURE 3 | (A) Regional lithologic map of Glacier Bay and surrounding area modified from Brew (2008). Geologic units are shown without ages and lumped
together according to general lithologic properties. (B) Raw submarine landslide concentration map for Glacier Bay, expressed as a percentage of total area calculated in
amoving window with a 3 km radius. Deltas and fans that extend into the bathymetry are mapped from bathymetry used in this study, subaerial 5 m IFSAR, and Landsat
and DigitalGlobe satellite imagery. Background imagery is from 2018 Landsat data. Major inlets are labeled for reference to the text. Stars show the locations of
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Roering, 2012) while glacial isostatic rebound can cause
earthquakes through reactivation of existing faults (e.g., Van
Loon and Pisarska-Jamrozy, 2014).

Terrain in GBNPP reaches 4,671 m above sea level (masl) at
Mt. Fairweather west of Johns Hopkins Inlet. Bedrock in and
around Glacier Bay is exposed along mountain peaks and ridges
and glacially carved subaerial and submarine fjord flanks. The
geology surrounding Glacier Bay consists largely of Paleozoic and
Mesozoic accretionary terranes containing Tertiary sedimentary,
plutonic, and volcanic rocks (see Figure 3A for general lithology;
Brew, 2008; Wilson et al., 2015). Notable bedrock units that
surround the bay are Jurassic and Cretaceous granites and
granodiorites; Cretaceous foliated granitic rocks and
migmatites; Tertiary (Oligocene and Eocene) granitic rocks;
the Cretaceous Chugach accretionary complex consisting of
flysch, graywacke, and basalts; Silurian turbidite deposits of
graywacke, siltstone, and argillite; and mid- to late-Paleozoic
(Silurian, Devonian, and Permian) carbonates and
metacarbonates (Wilson et al.,, 2015). Global scale permafrost
mapping by Gruber (2012a), Gruber (2012b) shows a high
probability of mountain permafrost in high-elevation (>~500

masl) areas within GBNPP (see Gruber, 2012b for map data) with
a high incidence of historical landslides in these areas (Coe et al.,
2018). In and adjacent to Glacier Bay, some of the highest
sediment fluxes in the world result in extensive sediment-
covered submarine slopes, glacial outwash deltas, alluvial fans,
and debris-flow fans (Cowan et al., 2010).

MATERIALS AND METHODS

Data Sources

We used a composite digital elevation model (DEM) raster
compiled from available bathymetry (see https://coastalscience.
noaa.gov/products/noaa-bathymetric-data-viewer/) from the
National Oceanic and Atmospheric Administration (NOAA)
and the U.S. Geological Survey (USGS) for all of our
submarine mapping and analyses. The DEM composite covers
1,013 km?, representing approximately 80% of the total area of
Glacier Bay, and consists of bathymetric multibeam sonar data
collected during two periods, 2001 and 2009, for the southern and
northern portions of the bay, respectively (Figure 1). To
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FIGURE 4 | Detailed maps of four locations (A-D) in Glacier Bay showing input data for this study. Background submarine imagery is a Red Relief Image Map
(Chiba et al., 2008) derived from compiled bathymetry and shows an overlay of topographic openness (darker is more concave) and slope (redder is steeper).
Interpolated glacial terminus positions are plotted and represent annual deglaciation bands, with an example shown in (A). Maximum age for each landslide is expressed
as the year of earliest possible occurrence, derived from the encompassing deglaciation band. Locations of estimated bedrock based on slope, topographic
openness, and surface roughness are shown in light blue. (A) shows an example of subaerial bedrock identified in satellite imagery and the IFSAR DEM with contiguous
expression of modeled bedrock into bathymetric terrain. Subagueous fans and deltas are delineated in white. Mapped landslide scarps are shown as their estimated
source areas (connected at the end points). Landslides shown in black are those included in susceptibility assessment based on power law fitting (see Figure 7). The
Tidal Inlet landslide (Wieczorek et al., 2007) is visible in (C). Overview map in the top right cormner shows the locations of four included panels.

minimize resolution bias and maximize mapping consistency, we
resampled all the original bathymetry data (resolutions ranging
from 1 to 16 m) to 5m. For a detailed overview of bathymetry
source resolutions and original data extents, see “Glacier Bay
Bathymetry Footprints.pdf,” included in the zipped file with the
accompanying data release (Avdievitch et al., 2020). To map
subaerial geomorphic features adjacent to Glacier Bay, we used a
5m Interferometric Synthetic Aperture Radar (IFSAR) DEM
available from the USGS at https://earthexplorer.usgs.gov/.

Mapping of Landslide Scarps, Fans, and

Deltas

To produce our inventory, we mapped landslide scarps, and
coastal fans and deltas using a Red Relief Image Map (RRIM)
of the 5-m bathymetric data (Figures 4, 5). The RRIM consists of
a topographic openness map (Yokoyama et al, 2002) in
combination with a traditional slope map (Chiba et al., 2008).
Red Relief Image Maps allow for good discernment of subtle

concavities and convexities in the bathymetry and are thus well-
suited for visually identifying landslide scars and deposits (e.g.,
Gortim, 2019). We mapped submarine landslide scarps (7,097
total) where the distance between lateral scarp flanks was
approximately 50m or more. Because the visibility of
associated landslide deposits was usually limited by DEM
resolution, material preservation, or substrate variability, we
did not delineate their areal extent. See Figures 5A,B for
examples of mapped landslide scarps. We used 50m as a
mapping cutoff because landslide scarps smaller than this size
were difficult to discriminate in the 5-m DEM and were less likely
to have generated hazardous tsunamis (e.g., Murty, 2003).
Although we mapped only arcuate-shaped scarps typically
formed by landslides (i.e., single mass failures), we
acknowledge that some mapped scarps may have been formed
by processes other than landsliding such as erosion from glaciers
or submarine currents. We used the mapped scarps to estimate
minimum landslide initiation areas (hereon referred to as
landslide source areas) by linearly connecting the end points
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of each scarp (see Figure 4D for examples). This simple method
has the benefit of being easily executable on a regional scale and
applicable in areas with superimposed landslides, even though it
does not account for the exact shape and size of landslide source
areas. Further details on landslide mapping and DEM creation, as
well as the full dataset of mapped landslide scarps, bathymetric
rasters, and DEM-derivative products are available in Avdievitch
et al. (2020).

Previous work has shown that depositional coastal features
(i.e., fans and deltas) are susceptible to landslides, especially
during earthquakes (Hampton et al., 1996; Lee et al.,, 2003; Lee
et al., 2006; Haeussler et al., 2007; Haeussler et al., 2014; Hughes
Clarke et al., 2014; Brothers et al., 2016). For the purposes of this
study, we define fans and deltas as sediment bodies, often radially
dispersed, that are deposited downslope from an active sediment
source (Harvey, 2018). This definition accommodates a range of
features, including individual debris-flow lobes, coalescing
debris-flow fans, alluvial fans, fan deltas, river deltas, and a
variety of proglacial deltas. Adjacent to Glacier Bay, many of
these depositional features can be classified as fan deltas or braid

deltas as defined by McPherson et al. (1987); they are often
coarse-grained (i.e., grain sizes range from clay to boulders) and
their toes occur underwater. Most importantly, relatively few
landslide scarps in GBNPP are preserved on fans and deltas
because they are actively aggrading or prograding. See Figure 5
for examples of mapped deltas. We mapped both the submarine
and subaerial parts of all active fans and deltas along the Glacier
Bay coastline, including deposits from rivers, debris-flow
dominated catchments, proglacial run-off, and active tide-
water glacier grounding line processes (all hereon referred to
as fans and deltas; Figure 3B).

Glacial Retreat Ages

To attribute maximum ages to all landslide source areas, we
compiled glacial terminus locations through time from available
maps and literature (for examples, see Figure 1). The most
complete effort to map glacial terminus locations in Glacier
Bay was conducted by Powell (1980), which we used as our
primary source map. We refined the Powell terminus locations
using an extended list of literature, maps, sketches, and written
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accounts of ice in Glacier Bay dating back to the late 1800s (Reid,
1892; Wright, 1894; Muir, 1895; Reid, 1896; Scidmore, 1896;
Klotz, 1899; Gilbert, 1904; Klotz, 1907; Morse, 1908; Reid, 1908;
Reid, 1913; McNabb and Hock, 2014). Because the timing of
mapping efforts was inconsistent for much of the glacial retreat
history (with a substantial increase in mapping frequency closer
to present), we used spline interpolation of known terminus
locations (primarily from Powell, 1980, but also from other
references listed above) to estimate terminus locations for
missing time periods (Figures 4A-C). The resulting map of
deglaciation ages serves as a maximum age map for landslide
scarps occurring within each annual deglaciation band (i.e., the
area between glacial terminus positions for two consecutive
years). For example, the earliest possible occurrence year for a
landslide between glacial terminus locations of 1889 and 1890, is
1889. To estimate maximum ages for each landslide source area,
we converted the deglaciation map to a raster and extracted the
mean interpolated deglaciation age within the footprint of each
source area. For simplicity, when referring to a maximum
landslide age, we report the -earliest possible year of
occurrence, rather than the age (e.g., 1980 rather than 39 years).

As an alternative method to estimate relative landslide ages, we
evaluated the relation between maximum age and scarp
smoothness (a measure of scarp degradation through time;
e.g, Bucknam and Anderson, 1979; Vargas and Idarraga-
Garcia, 2014). To estimate scarp smoothness, we calculated
planar curvature in a 10-m buffer upslope and downslope of
each scarp. However, we failed to find any correlation between
maximum age and curvature, most likely because of limitations in
DEM resolution and inconsistent sediment properties.

Landslide Susceptibility Analysis

To map submarine landslide susceptibility in sediment in Glacier
Bay, we used two general approaches: an approach based on
heuristic knowledge of two known landslide-controlling variables
(slope angle and the presence of fans and deltas) that are directly
measurable or mappable, and an inventory-based approach based
on the distribution of mapped landslide source areas. These two
approaches resulted in three individual susceptibility indices

(Figure 6). We combined these three index values to create a
final submarine landslide susceptibility map (see flow chart in
Figure 6).

In general, lithology and slope angle have long been
established as dominant controls on landslide susceptibility in
both submarine and subaerial environments (e.g., Reichenbach
et al.,, 2018; Innocenti et al., 2021). Outside of areas associated
with near-shore subaerial geologic units, bedrock lithology is
difficult to map in submarine terrain. In GBNPP, the geology is
complex, and regional (Brew, 2008) and state-wide geologic
mapping (Wilson et al, 2015) has been done at scales ranging
from 1:250,000 to 1:1,584,000, making it difficult to interpolate
geologic units in areas covered by water.

Because a submarine geologic or geomorphic map for Glacier
Bay is not available, we isolated sediment-covered areas from
exposed bedrock areas using morphometric properties of slope
angle, bathymetric roughness, and convexity, which we extracted
from bathymetric data (see Figure 4 for examples). To conduct
this assessment, we initially defined bedrock at any grid cell with a
slope angle >45°, that is, areas over a conservative maximum
angle of repose for submarine sediment (e.g., Kleinhans, 2004;
Kleinhans et al., 2011; Al-Hashemi and Al-Amoudi, 2018). Next,
we incorporated rough and convex areas because they generally
signify bedrock outcrops and ridges, respectively. To calculate
bathymetric roughness, we used a root-mean-square deviation
(RMSD) from mean bathymetry in a moving circular window
with a 50-m radius. We set the minimum roughness RMSD value
at a threshold of £5m (10 m total outcrop height), based on a
minimum bedrock outcrop size that would be discernable at the
resolution of the bathymetry (5 m). We attributed convex terrain
to grid cells that had a topographic openness value of >2°
(Yokoyama et al, 2002). To delineate rough and convex
terrain, we mapped contiguous areas where >25% of cells in a
25-m radius moving window met or exceeded each threshold. To
create the final bedrock map, we evaluated high-slope-angle grid
cells in relation to surrounding bathymetrically rough and convex
terrain by delineating areas where the three parameters were co-
located. We considered contiguous areas with overlap of high-
angle grid cells and at least one of the two other parameters to be
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the minimum evidence required for bedrock morphology.
Conversely, if areas had high roughness or convexity, but no
associated steep grid cells, we did not map them as bedrock. Our
resulting submarine bedrock map was consistent with
observations of bedrock spurs and fans and deltas that had
continuous expressions in the bathymetry from adjacent
subaerial terrain. For example, our approach resulted in areas
of observed subaerial bedrock being contiguous with areas of
mapped submarine bedrock in Johns Hopkins Inlet (Figure 4A).

To select landslides to use in the susceptibility assessment, we
evaluated the frequency-magnitude distributions of landslide
source areas using three landslide magnitude metrics: scarp
length, estimated minimum source area, and estimated volume
(Figure 7). We estimated volume by subtracting the DEM within
each source area polygon from a second order polynomial surface
fit to the 3D representation of each scarp. We fit a power law to
the tail end of the distributions of each of these three magnitude-
frequency curves using the Maximum Likelihood Estimator
(MLE) method (Clauset et al., 2009; Alstott et al., 2014). The

method simultaneously selects the range of data values (i.e., the
validity domain) that fit a power law and determines the fit
parameters for the trend. Studies have shown that only the tail
end of landslide magnitude-frequency distributions follows a
power law, with the point of divergence known as the cutoff
point (e.g., see Figure 7 and Stark and Hovius, 2001; Malamud
et al., 2004; Tanyas et al., 2018; Tanyas et al,, 2019). To ensure
analysis of a more statistically complete sample of features, we
only selected landslides for the susceptibility assessment that were
above the cutoff point within the MLE validity domain
(minimum size of 273 m for scarp length and 9,596 m* for
source area) and thus fit the power law trend. Further benefits
of this approach include the fact that larger scarps and sources
areas are easier to map and more likely to be tsunamigenic (e.g.,
Murty, 2003).

To determine how slope angle affected landslide incidence in
our data, we evaluated the slope-frequency distribution of
landslide source areas using bins of 2° (Figure 8). To estimate
the slope angle of the original pre-failure surface, we calculated
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bathymetric data. (B, D) Landslide slope angle plotted against frequency of landslide occurrence (expressed as a percent of total number of landslides), shown for all
landslides in the inventory (Plot B), and for landslides above the threshold values in this study (Plot D). Slope angle for each landslide was calculated as the mean slope
angle in a 25 m buffer upslope of the scarp. (C, E) Slope angle frequency of landslides normalized for total slope area, expressed as the natural log of the ratio of
landslide frequency (% of total landslide) to the area of bathymetric data at that slope angle (% of total area), shown for all landslides in the inventory (Plot C) and for
landslides above the threshold values in this study (Plot E). Values in Plot E represent the slope-based susceptibility index (Slgiope) in the final susceptibility maps. No
landslides were observed in the 0-2° slope bin.

the mean bathymetric slope angle in a 25-m buffer directly
upslope and adjacent to the scarps. We normalized the
landslide slope angle frequencies by the prevalence of
bathymetric slope angle frequencies throughout Glacier Bay.
For normalization, we did not include areas of bedrock
because they are not part of terrain where submarine
landslides in sediment occur. Similarly, we removed areas
covered by fans and deltas because rapid deposition prevents
the preservation of landslide scars on these features. The ratio of
landslide slope angle frequency to overall bathymetric slope angle
frequency (i.e., normalized landslide slope angle frequency) can
be more accurately portrayed by taking the natural log of the ratio
to linearly distribute values above and below a value of 0
(representing a 1:1 landslide slope frequency to bathymetry
slope frequency ratio; for another example of this procedure,
see Hughes and Schulz, 2020). The final log value serves as a slope
susceptibility index (Skgope)> Where:

Landslide % Frequency )

SLope =1
fope = 108 <Bathymetry % Frequency

for each slope class.

We incorporated fans and deltas into the susceptibility map as
a Susceptibility Index, Slgpgelr, by assigning them a log normal
susceptibility index value of 1, which ranks them as likely sources of
future landslides. This ranking is based on their known history of
failure during earthquakes in Alaska (Haeussler et al, 2014;
Brothers et al, 2016) and other parts of the world (e.g.,
L’Heureux et al., 2014). This consistent ranking could be revised
if geotechnical data become available that would allow for fans and
deltas to be differentiated into variable susceptibility categories.

To determine the inventory-based susceptibility for mapped
landslides in Glacier Bay, we adjusted landslide source area spatial
concentrations for the duration of time each area had been
exposed since deglaciation. To do so, we binned each landslide

Frontiers in Earth Science | www.frontiersin.org

March 2022 | Volume 10 | Article 821188


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Avdievitch and Coe

Submarine Landslide Susceptibility in Deglaciated Terrain

time since area was exposed
to landslide processes)

Susceptible Area
%) Exposed (km?)

B All Glacier B:
Q acier Bay
._9 6x10° - West Arm
? o
5 East Arm
[ T':4X'|O5 r All Glacier Bay Mean
o S West Arm Mean
] o L East Arm M
f—, _g < 2x105 ast Arm Mean
ST e
=> 0 . o ' 1
gg c 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000
oo 20
5 (Susceptible area within
2 ks
151 deglaciation bands
_ used to normalize
(Deglaciation ages represent 10k landslide areas)

5
Landside incidence 0
increases per unit D
n area per unit time _ =
_g © ~ 8x10°[
T g £ ulat.
S~ 4l
g < c 610 L Rate lon
o S 2 ~~=d
4 = B 4x10°F
wn ©
T =
S g0
4_ 8Y -
Earlier glacial retreat c et f10 o L e KNHRIRR S~
S 07800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

FIGURE 9 | (A) Conceptual diagram for the inventory-based landslide accumulation approach to determine susceptibility. Total landslide incidence varies as a
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function of the timing of the initial exposure of submarine slopes, resulting in a mean increase in areal concentration of accumulated landslides with deglaciation band age.
(B) Plot of total landslide area within each deglaciation band, shown for all of Glacier Bay, and the West and East Arms, individually. Data are expressed in raw form and
with a 20-year moving-window mean (+10-year central window). (C) Plot of total susceptible (sediment-covered and >2° slope angle) area exposed during each

year of deglaciation (i.e., total susceptible area in each deglaciation band) for all of Glacier Bay and the West and East Arms individually. Plots B and C share a general
distribution shape, whereby the larger a deglaciation band is, the more landslide area it hosts. (D) Plot of landslide areal concentration for all of Glacier Bay (raw and
smoothed data), and for the West and East Arms, individually (smoothed data only), i.e., Plot B divided by Plot C. A positive correlation between landslide concentration
and deglaciation age between 1860 and 2009 corroborates the conceptual model shown in (A). Dashed black line shows a least squares linear regression (coefficient of
determination (R?) = 0.82) to Glacier-Bay-wide mean areal landslide concentration for the period of 1860-2009, representing a landslide areal concentration
accumulation rate of 238 m? km™ yr~". For the susceptibility model, we did not fit the accumulation trend to pre-1860 data because of the existence of broad areas of
missing bathymetry in the South Bay (e.g., Figure 1), disparities in bathymetry collection years, and substantial differences in geomorphology between the South Bay
and the Arms, which resulted in generally less susceptible terrain in the South Bay. The solid black line represents the mean spatial concentration (the one-dimensional
mean of data presented in Figure 3B). The log-normal ratio of landslide concentration (solid black line) to landslide accumulation (dashed black line) represents Sliventory

values shown in the susceptibility map (Figure 10B).

into annual bands, based on interpolated terminus locations (see
Figure 4A). The year of each band functions as an earliest occurrence
year defining a maximum age for landslides within that band.

For each annual deglaciation band, we calculated the accumulation
of landslides in each band (i.e., the total landslide area accumulated
since the exposure of the band from deglaciation). To do so, we
normalized the total area of landslide source areas in each band by the
total amount of susceptible area each band contained (Figure 9). We
defined susceptible area as non-bedrock area over a 2° slope, as
determined by the lack of landslides in the 0-2° slope bin from
the slope-frequency analysis (Figure 8). As with the slope analysis, we
removed fan and delta areas to address the lack of scarp persistence on
these features. The resulting value is a landslide areal concentration for
each deglaciation band (e.g, the cumulative landslide source area
divided by total susceptible area). To account for error in deglaciation
years from both mapping and interpolation, we smoothed the data
with a 20-year (+10 years) moving mean window, based on the
approximate maximum spatio-temporal gap in glacial terminus

mapping (1860-1879 extents in the West Arm; see Figure 1). To
calculate a mean landslide accumulation rate, we fit a linear model to
the resulting data, inversely proportional to time. We fit the
accumulation rate only to post-1860 deglaciation bands and
landslides (dashed line in Figure 9). This approach addresses the
8-year gap in collection time between data in the South Bay and East
and West Arms (Figure 1), the lack of landslides in the gently sloping
south part of the bay, and the relative incompleteness of South Bay
bathymetry (see Figure 1).

The landslide accumulation rate (238 m* km™ yr', Figure 9D)
determines an expected areal concentration of landslides that a
submarine slope should exhibit based on how long it has been
exposed from glaciers. Thus, the total landslide concentration on a
slope, taken as a ratio to the expected landslide concentration on that
slope, is a relative measure of susceptibility, because it shows a deviation
from the expected landslide accumulation rate (Figure 9D). To produce
the inventory-based susceptibility map, we first calculated expected
landslide concentration per grid cell in the bathymetry, taken as
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FIGURE 10 | (A) Map of slope-based susceptibility for Glacier Bay using Slyope Values shown in Figure 8E. (B) Map of inventory-based susceptibility for Glacier
Bay using Sliventory Values derived as the log-normal ratio of expected landslide accumulation (based on the regression in Figure 9D) to actual landslide concentration in

(bathymetry year — deglaciation year) x landslide accumulation rate.
We then calculated the actual concentration of landslides for that cell,
taken as the total landslide area in a surrounding window with a radius of
3 km, divided by the total susceptible area in that window. Therefore, our
inventory-based susceptibility index (Slinyentory) is given as:

Actual Landslide Concentration
Expected Landslide Concentration

SIinventnry = lOg,,(

for each grid cell. The 3 km radius used to measure landslide
concentration surrounding a grid cell incorporates the distance to
which surrounding landslides likely share similar background
conditions, such as substrate, but also represents uncertainty in
the position of deglaciation bands.

For the final susceptibility map, we created an equally weighted,
additive composite of the slope susceptibility index, the fan and
delta susceptibility index value, and the inventory-based
susceptibility index. The final composite susceptibility index
(SLeomposite) Values were grouped into three susceptibility classes:
moderate (Slcomposite < —3), high (=3 < Sleomposite < 0), and very
high (SIcomposite > 0). Areas less than or equal to a 2° slope angle
were automatically categorized into a fourth class of “low.” Bedrock
was not given a susceptibility value as our method explicitly
addresses landslide susceptibility in marine sediments (Figure 6).

RESULTS

Scarp, Landslide, and Fan and Delta
Distributions

Although we explicitly mapped landslide scarps without the aid of
delineated bedrock, most scarps (>98%) were in areas delineated
as sediment. Mapped landslide concentrations were high at the

mouth of the West Arm, and near the mouth of Rendu Inlet
(Figure 3B). Generally, these areas were broad sedimented slopes
with high relief from subglacial erosion (Figure 1). We observed
landslide source areas of all sizes at all depths (Figure 7A).
Landslide frequency showed no consistent correlation with
depth, although a systematic lack of scarps in the shallowest
water is apparent where ships were unable to collect bathymetric
data (Figure 7A). Scarp depth-frequency has a peak occurrence at
90-100 mbmsl and exhibits a similar trend to bathymetry depth-
frequency, which has a peak between 60 and 70 mbmsl
(Figure 7A). When normalized to bathymetric depths within
Glacier Bay, the frequency of scarps decreases moderately with
depth, starting at approximately 100 mbmsl, although this trend
could be partly due to coarser bathymetric data at greater depths.

As is typical of both subaerial (Van Den Eeckhaut et al., 2007)
and submarine (e.g, Chaytor et al, 2009; Urgeles and
Camerlenghi, 2013; Katz et al, 2015; Casas et al., 2016)
landslide data, magnitude-frequency density plots in Glacier
Bay follow a power law in the tail end of the distributions for
scarp length, minimum source area, and estimated volume
(Figures 7B-D). Scarp lengths within the validity domain of
our data range about a half an order of magnitude (from 273 to
1,100 m; Figure 7B), while source areas range about one order of
magnitude (from about 9,600 to 165,000 m* Figure 7C).
Approximately 800 landslides were in both the length and
area validity domains. The power-law exponent associated
with source areas (3.05; Figure 7C) is within appropriate
ranges (approximately 1.4-3.4) for other landslide inventories
in both subaerial (Van Den Eeckhaut et al., 2007) and submarine
settings (e.g., Katz et al., 2015). Much of the variance in exponents
is rooted in inventory-specific characteristics such as temporal
resolution and amalgamation of landslide features rather than
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FIGURE 11 | Final composite (Slsomposite) SUbmarine landslide susceptibility map for sediment-covered areas in Glacier Bay. Final map shows an additive equally
weighted composite of slope-based susceptibility index (Figure 10A), fan and delta index susceptibility value of 1 (locations shown in Figure 3B), and inventory-based
susceptibility index (Figure 10B). Susceptibility classes are based on Sleomposite Values for moderate (Sleomposite < —3), high (=3 < Sleomposite < 0), and very high (Sleomposite
> 0). Areas under 2° slope were automatically attributed to the “Low” susceptibility class. Although we observed no landslides in areas under 2° slope in Glacier Bay,

we attributed a susceptibility category to these areas because of previously documented submarine landslides in low-sloping submarine terrain (e.g., Masson et al.,
2006). Bedrock was not given a susceptibility value as our method explicitly addresses landslide susceptibility in soft marine sediment. Areal distribution of susceptibility
classes expressed as a percentage of total sediment-covered area reveal the highest total percent of grid cells in “Low” (39%), followed by “Very High” (34%), “High”
(22%), and “Moderate” (5%) classes. Histogram below map shows the Sleomposite distribution for classes “Moderate” through “Very High.”

intrinsic susceptibility factors in the terrain (Tanyas et al., 2018;
Tanyas et al.,, 2019). Volume estimates based on fit polynomial
paleosurfaces for the 7,097 scarps yielded 1,143 landslides in the
volume validity domain (approximately 11,000-1,100,000 m’;
Figure 7D). The upper end of these volumes have been
suggested to be the smallest needed to generate hazardous
tsunamis (about 1 x 10°m® e.g, Murty, 2003). Conversely,
1,152 landslides showed apparent negative volumes (not
shown in Figure 4) and the remaining 4,801 landslides yielded
volumes with a mean thickness of <2 m (Supplementary Figure
S1). In both these cases, landslides were likely too thin to
accurately estimate volumes. As a result, for 5,953 landslides,

fit pre-failure surfaces could not be quantitatively distinguished
from the DEM surface, either because of low DEM resolution,
possible changes in bathymetry since failure, or uncertainties
associated with automated reconstruction of pre-failure surfaces.
The landslide source area volume estimate exponent for Glacier
Bay (2.14; Figure 7D) also deviates from other studies (e.g.,
Chaytor et al., 2009; Urgeles and Camerlenghi, 2013; Casas et al.,
2016). We note, however, that robust volume estimates for
submarine inventories are difficult to obtain and the
commonly used method of power law area-volume scaling can
produce inaccurate results (Larsen et al, 2010; Urgeles and
Camerlenghi, 2013). Thus, our calculated volumes serve as a
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first order estimate of the largest submarine landslides in
sediment in Glacier Bay and indicate that most slides are
shallow (<2 m) rather than deep-seated.

We mapped 159 fans and deltas ranging in total area from
approximately 7,000 to 8,000,000 m*> (Figure 3B). Submarine
portions of deposits ranged from 5,000 to 1,700,000 m*. We were
unable to differentiate geotechnical characteristics between
different fan and delta types from remote sensing data alone.
However, visual analysis of subaerial satellite imagery shows that
about 3% of mapped fans or deltas were tidewater glacial
grounding line fans, 26% were lower angle river deltas, and
71% were deposits downslope from steep catchments with
sediment contributions from debris flows and/or water-
dominated flows.

Slope-Based Susceptibility Index (Slsjope)
The frequency distribution of slope angles for all sediment-
covered submarine areas follows an exponential decline at
higher slope angles (Figure 8A). The landslide slope angle
distributions for both the entire landslide inventory and the
subset filtered by scarp length and source area size show
similar trends to each other (Figures 8B, D). We observed no
landslides in the 0-2° range, with a steady and steep increase in
frequency at slopes from about 8 to 12° (Figures 8B, D). Above
12°, a steady decline is apparent with higher slope angles. When
normalized by the overall submarine slope distribution, the peak
in the landslide distribution is spread to a wider range of
approximately 8-17° (Figures 8C, E).

Figure 8E serves as the slope angle-derived susceptibility
index (SIgope). A map of Slgope, shows high values through the
sloped sides and flanks in the fjords of the West and East Arms,
as well as the glacial trough edges extending into the South Bay
(Figure 10A). The South Bay shows lower Sl,p. values,
although thin slivers of higher susceptibility slope angles
occur within morainal sediments. The range of lower-
susceptibility high-angle slopes (e.g., 25-40°, Figure 8E)
coincides with a lower frequency of grid cells in the
bathymetric data at those angles (Figure 8A), implying
greater uncertainty for those values.

Inventory-Based Susceptibility Index

(Slinventory)
Inventory-based assessment of landslide accumulation in areas

deglaciated at different times (Figure 9D) shows an inverse
correlation of landslide concentration with time between the
years 1860 and 2009, with 2009 being the age of bathymetric
data. Although total landslide area shown in Figure 9B is
substantially higher in areas deglaciated around 1860-1870 in
the West Arm, this peak is lowered when normalized by
sediment-covered areas >2° (Figures 9C,D). A linear
regression of deglaciation year vs. landslide areal concentration
for the years 1860-2009 reveals a mean landslide accumulation
rate of 238 m* km™? yr™" (slope of the dashed line in Figure 9D)
for landslides throughout Glacier Bay. However, there are
substantial variations in accumulation rate for the West and
East Arms as well as variations in time.

Submarine Landslide Susceptibility in Deglaciated Terrain

A map of Sligventory sShows clusters of high Sliyventory Values
throughout the West and East Arms (Figure 10B). These clusters
mostly occur in both narrow, steep walled sections of the arms,
but also in isolated pockets near the mouths of both arms.
Differences between the raw landslide concentration map
(Figure 3) and mapped Sliyencory (Figure 10B) are most
notable in areas of recent deglaciation, such as the northern
part of Muir Inlet where deglaciation occurred through the latter
part of the 19th century.

Composite Susceptibility Map (Slcomposite)
The composite susceptibility (SIcomposite) map (Figure 11) has a
broad resemblance to the inventory-based map, although the
added effect of slope and geomorphology (fans and deltas) is
notable because it changes local values in susceptibility. These
local changes are lower than the total variability in Slinyentory- As @
result, inventory-based susceptibility controls the first order effect
on Sleomposite: The South Bay exhibits the lowest overall
susceptibility, consisting largely of older flatter moraines and
glacial terminus deposits. Areas around islands and adjacent to
the glacial trough in the South Bay have notably high
susceptibility.

DISCUSSION

Factors Influencing Slope-Based
Susceptibility
Slope is arguably the most common instability variable used in
susceptibility mapping (e.g., Reichenbach et al., 2018; Innocenti
et al., 2021). While the exact relationship between susceptibility
and slope is complex and depends on other variables unique to a
particular study area, a trend of increasing susceptibility with
increasing slope angles has been shown to hold true at certain
ranges. Glacier Bay data show this trend between slopes of 2° and
12° (Figure 8E). From 12° to 36°, a drop in Slep. indicates either
that higher slopes are less susceptible, or that unmapped
landslides from a lack of scarp persistence or limited spatial
coverage at these slope angles result in an apparent decrease in
susceptibility (Figures 8C, E). While we can assume that scarps in
aggrading or prograding sedimentary features (fans and deltas)
are not fully represented in the inventory, we cannot fully
determine how complete the inventory is at higher slope angles.
Although we cannot determine the extent to which limited
preservation variably affects the slope-frequency plots, other
studies have documented similar ranges of submarine
landslide incidence with increasing slope angles (e.g., McAdoo
et al.,, 2000; Masson et al., 2006; Twichell et al., 2009). Similar
trends, whereby the steepest slopes do not host the greatest
number of landslides, have also been shown in other
environments with other types of mass wasting, such as thaw
slumps in permafrost terrain (e.g., Niu et al., 2014; Lacelle et al.,
2015) and shallow landslides in subaerial environments
(Prancevic et al., 2020). Prancevic et al. (2020) posited that the
tendency for steeper slopes to fail more frequently by way of
smaller erosional events limited the number of larger shallow
landslides that would otherwise occur above certain slope angles.
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Although the slope angle values are different in Glacier Bay data, a
similar process in submarine environments may be responsible
for some of the trend. For example, unmapped <50 m landslides
could account for much of the erosion on steeper slopes.
Additionally, volume estimates for our source areas indicate
that most submarine landslides in Glacier Bay are shallow
(generally <2m) rather than deep-seated (Supplementary
Figure S1). Other processes that bias data towards scarps on
shallow slopes are also observable in submarine environments. In
some cases, submarine landslides occur on low angle slopes that
are steeply undercut and debutressed at the toes of the slides. For
example, landslides often occur where a low angle slope is cut by a
submarine canyon. Larger slides of this type have been
documented at the edges of continental shelves (e.g., Masson
et al., 2006). Although this phenomenon could influence slope-
based susceptibility results, the effect is probably minimal and
consistent throughout the study area, with little resulting bias in
susceptibility results. Finally, slope angle may correlate with other
variables such as lithology or sediment thickness, which affect
landslide occurrence but remain unmapped. For example, slope-
parallel planes of weakness controlled by sedimentation may play
a greater role on gentler slopes where thick sequences of sediment
are likely to accumulate.

Factors Influencing Inventory-Based
Susceptibility

The accuracy of Sligventory depends on how well the mapped
distribution of landslide scarps reflects implicit landslide
susceptibility. This reflection is directly related to the
completeness and scope of the inventory and the temporal
distribution of triggers. To address the completeness and scope
of the inventory, we assessed landslide scarp coverage in the study
area. Outside of aggrading fans and deltas or sub-horizontal (<2°)
slopes, we observed landslide scarps in all sediment-covered areas
of the bathymetry, including in terrain in the northern East Arm
that has been deglaciated and exposed since 1980. In other words,
sufficient time has elapsed to accumulate landslides in all parts of
Glacier Bay. At a minimum, this indicates that persistence of
landslide scarps in the terrain is sufficient to preserve landslides
accumulated over the last 250years. Many studies have
documented similar and greater timescales (hundred to tens of
thousands of years) of submarine landslide preservation in fjord
settings (e.g., Van Daele et al., 2013; Bellwald et al., 2016; Stacey
et al,, 2018). Additionally, the young timescales of deglaciation in
Glacier Bay contrast with studies in other submarine settings such
as mid-ocean ridges that have dated substantially older
(millions of years) preserved landslides and scarps (e.g.,
Schlager et al., 2021). Furthermore, our approach focused
on large landslides in Glacier Bay (>9,596 m?), which are
likely to persist longer than smaller landslides. Some under-
representation of smaller landslide scarps suggested by the
magnitude-frequency plots (Figure 7) support the likelihood
of greater erosion and smoothing of smaller scarps. In general,
these data and previous studies indicate that landslides are
likely to persist in the bathymetry on the timescales relevant to
this study (e.g., Urgeles and Camerlenghi, 2013) and minimize

Submarine Landslide Susceptibility in Deglaciated Terrain

any mapping bias towards localized areas where more scarps
are preserved.

The inventory-based landslide susceptibility approach in
recently deglaciated terrain also relies on landslide-inducing
triggers being reasonably uniform in time. That is, a small
number of large events did not trigger the majority of slides as
this would heavily bias landslide prevalence toward areas that
were already exposed at the time of such events. Many submarine
landslide triggers likely exist in Glacier Bay that contribute to
triggering uniformity through time and a uniform landslide
distribution in space and time. These include iceberg calving
(Normandeau et al,, 2021), rapid sediment loading and increase
in pore pressure from subaerial debris flows entering the
submarine environment, and progressive erosion of submarine
canyons from submarine currents. However, earthquakes are
likely a common trigger that have the capability to initiate
landslides throughout the Glacier Bay region, in particular for
large landslides that may be tsunamigenic and therefore more
hazardous. Plotting earthquake distances from Glacier Bay as a
ratio to the maximum landslide-triggering distance observed for
that magnitude (see Figure 2C) provides a relative estimate for
the effect of potentially landslide-inducing historical earthquakes.
However, the exact relationships between landslides and the
earthquake depth, magnitude, shaking, or distance from the
event are complex and convoluted by factors such as tectonic
setting and lithology (e.g., Pope et al, 2017). In general,
earthquakes below a ratio of 1 (shown in Figure 2C) could
cause landslides and have occurred regularly throughout the
period since LIA deglaciation in Glacier Bay. Although no
seismic data exists before the late 1800s, the area was likely
comparably active for this period of the deglaciation record
used in this study.

Interpreting Susceptibility Results

Variations in slope angle and the material properties of sediment
likely control landslide susceptibility throughout the study area.
However, material properties are not directly measurable or
quantifiable with data that are currently available. Our
Slinventory approach implicitly accounts for these factors, but
regional differences in subaerial geology and sedimentation
rates can provide additional clues for observed variations in
susceptibility.

Subaerial lithologic units in coastal areas of Glacier Bay range
from predominantly felsic-to-intermediate plutonic rocks in the
northern parts of the East and West Arms, to carbonate and
clastic sedimentary rocks in the southern parts of the Arms and in
the southern part of Glacier Bay proper (Figure 3A). Some of
these lithologic units are associated with large subaerial rock-
slope failures related to glacial retreat both in Glacier Bay (e.g., the
Tidal Inlet landslide (Wieczorek et al., 2007 and Figures 3, 11) in
carbonate and noncarbonate sedimentary rocks and the Inlet
Junction landslide (Coe et al., 2019) in felsic plutonic rocks), and
other parts of Alaska (e.g., the Barry Arm landslides (Dai et al.,
20205 Coe et al., 2021) in Chugach Flysch, which is also found in
areas adjacent to the West Arm (Wilson et al., 2015)). However, it
is unclear if the properties that make these bedrock areas
susceptible are also at least partially responsible for landslide
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susceptibility in marine sediments. Susceptibility in sediments
would more likely relate to mineralogy and weathering
characteristics of underlying lithologies in areas where
sediments are proximal to their source, such as downslope
from steep fjord walls. Submarine areas at and near the Tidal
Inlet and Inlet Junction landslides have moderate to high
susceptibility to submarine landslides in sediment (Figure 11).

Variations in the sediment input into Glacier Bay are probably
a better proxy for differences in submarine landslide susceptibility
than lithology. The East Arm shows a high propensity for
landsliding based on both slope (Slgope) and age-adjusted
landslide concentrations  (Slinventory) (Figure 10). High
sediment fluxes since LIA retreat in the East Arm have been
documented at rates of 1.3 x 10°~4.6 x 10" m’ yr™' (Cowan et al.,
2010). This same area is blanketed by Quaternary sediments
(Figure 3A) and contains many fans and deltas (Figure 3B).
Total area of all mapped fans and deltas amounts to 20.3 km” in
the East Arm (14.1% of the 146.1km? of the East Arm
bathymetric data) and 36.5km” in the West Arm (only 9.1%
of the 401.4 km” of West Arm bathymetric data). In comparison
to the West Arm, retreat of the Muir Glacier in the East Arm has
also been more recent (Figure 1), with young proglacial
sediments accumulating in the fjord as the glacier retreated.
Although sediment dynamics are not explicitly accounted for
in either slope- or inventory-based approaches, landslides in
active fans and deltas are also more likely where sediment is
accumulating (Haeussler et al, 2014). We account for this
sediment accumulation by assigning fans and deltas an
Slfandelta Value of 1, but this approach is also justified by the
generally higher susceptibility values for adjacent slopes, which
had substantial evidence of landsliding and resulted in high SIg,pe
and SIipyentory values (Figure 10).

In general, there is a positive correspondence between the rate
of glacier retreat and landslide susceptibility, with areas of
relatively rapid retreat having higher susceptibility and areas of
slow retreat having lower susceptibility (compare Figures 1, 11).
For example, faster retreat in the upper portions of the East Arm,
confluence of East and West Arms, and confluence of Queen and
Rendu Inlets corresponds with high susceptibility, while slower
retreat in the South Bay and at the entrance to the East Arm
resulted in lower susceptibility (Supplementary Figure S2). In
general, tidewater glaciers retreat faster in deeper water because
their mass loss is driven by calving, which scales with depth (Vieli,
2011). Thus, the coincidence between high-susceptibility areas
and rapid retreat may be largely related to the morphological
characteristics of areas with high submarine relief or to the
potential increase in glacially triggered landslides (e.g., from
calving). However, other possible explanations for increased
susceptibility in areas of rapid retreat include greater glacier
erosive strength and faster corresponding sedimentation.
Koppes and Hallet (2002) used Muir Inlet to show that
tidewater glacial basal ice flux and sediment yields are higher
during periods of anomalously high retreat rates. Some of the
highest susceptibility areas are also the deepest parts of Glacier
Bay (e.g., the West Arm glacial trough and local over-deepenings
in the East Arm, Figure 1). The highest susceptibility area in the
West Arm is at the intersection of Queen and Rendu Inlets, which
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has high relief and significant sediment coverage. This area also
coincides with the location of a large (approximately 3 km across)
turbidite fan originating from the delta at the head of Queen Inlet,
which may suggest rapid and sporadic sediment accumulation of
varying grain sizes (Figure 3B).

Historical Context and Potential Future

Research Directions

The results shown in our composite susceptibility map
(Figure 11) are based on up to 250 years of landslide activity.
Mapped scarps used to create the susceptibility map could have
been generated by a wide variety of triggers through time.
Possible earthquake triggers shown in Figure 2 indicate a long
history of large and small earthquakes throughout the entire
study area, which would diminish the biasing effect on our
inventory from small earthquakes inducing localized
landslides. Likewise, the benefits of a cumulative inventory
over an inventory resulting from a single event include our
ability to incorporate multiple triggering mechanisms and
better determine a broad regional tendency to produce
landslides. With the addition of glacial extent mapping, we
add knowledge of temporal constraints, which would not be
the case with an undated cumulative landslide landslide
inventory. When a single triggering event occurs in the region
(i.e, a large earthquake), the acquisition of a new set of
bathymetric data and the collection of a new landslide
inventory would provide a dataset with which to refine and
test the validity of our time-integrated susceptibility map and
further improve our understanding of submarine landslide
susceptibility in response to specific triggers. For future
studies, our results provide baseline data that can be used to
evaluate new landslides.

In Glacier Bay, the moderate coincidence between locations of
highest submarine landslide susceptibility (for sediments) and
locations of documented, rock-dominated, subaerial landslides
warrants further investigation (Figure 11). Discrepancies in
coincidence highlight the importance of assessing coastal areas
for all types of landslides. Well-known subaerial landslides along
coasts often receive academic and journalistic attention and
sometimes show detectable precursor movement prior to
catastrophic failure (e.g., Higman et al, 2018), a luxury not
available for tsunamigenic “surprise” submarine landslides in
unmapped or poorly mapped areas (e.g., Ward, 2001; Fine
et al, 2005). With many studies documenting the risk
associated with submerged fans and deltas as sources of
coseismic landslide-induced tsunamis (e.g., Haeussler et al,
2014; L'Heureux et al., 2014; Brothers et al., 2016), and the
importance of subaerial-to-submarine landslides in generating
tsunamis (e.g., Dai et al., 2020; Barnhart et al., 2021), integrating
both submarine and subaerial data would be important to fully
understand potential tsunami hazards. For example, subaerial
DEM:s and images were critical to accurately incorporating fans
and deltas in our susceptibility work. Although the largest
landslides in our submarine inventory represent approximate
minimum volumes associated with notable tsunamigenic
landslides (about 1 x 10°m® e.g., Murty, 2003), landslide-
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tsunami size correlations are variable, and actual wave heights
depend on a wide range of local factors besides volume, including
slope angle, depth, fjord geometry, material properties, and
duration of failure (Murty, 2003). As a result, relatively large
waves may be generated from relatively small slides (e.g., Bardet
etal., 2003; Murty, 2003; Okal and Synolakis, 2003). Although our
results are regional in scope, identified areas of high-to-moderate
susceptibility could be used to inform localized tsunami
modelling using a probable range of landslide volume and
runout scenarios for hazard and risk forecasting. Furthermore,
our susceptibility map addresses landslides in submarine
sediments, but further research could be done on both
submarine and subaerial bedrock failures in and near water, as
these failures depend on a different set of controlling factors (e.g.,
fracture patterns and rock mass quality) that are highly localized
and difficult to map. Additionally, a model of glacial dynamics for
the last ~250 years could shed light on the effects of rapid versus
slow glacial retreat.

CONCLUSION

Submarine landslide susceptibility can be difficult to model and
map because of limitations in availability and quality of
bathymetric data, substrate maps, and geotechnical data.
Although limited data are available for submarine
environments, submarine landslides of moderate to large sizes
(source areas >~10,000 m*) are numerous and their scarps are
generally discernable in medium resolution bathymetric data
(e.g., 5m) in post-glacial environments.

In this study, in Glacier Bay, Alaska, we showed that landslide
susceptibility in sediments within a recently deglaciated
submarine environment can be derived from the concentration
of landslide scarps using the timing of submarine slope exposure
from deglaciation. We did this work in Glacier Bay because it has
one of the fastest post-LIA glacial retreat rates in the world, with
records of retreat for the last ~250 years. However, our method
can be applied to other areas where landslide age constraints can
be determined from deglaciation records. Given the ongoing
degradation of glaciated terrain from increasing global
temperatures (Hock et al., 2019), our approach may be useful
for assessing submarine landslide susceptibility in glaciated
mountainous terrain in many parts of the world.

We demonstrate that trends in regional susceptibility can be
mapped where landslide-controlling variables are poorly known.
We established a mean positive correlation between the
concentration of landslides and the age of exposure from
glacial retreat and used local variations from that mean to
map relative landslide susceptibility. Additionally, we used
geomorphology and slope angle to refine susceptibility values.
Our method is flexible enough to incorporate other factors such
as the strength of material in fans and deltas, a new inventory
following an earthquake, or more precise ages of landslides if such
data become available in the future.

Our results show generally high landslide susceptibility in
narrow and steep fjords and inlets, and lower susceptibility in
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broad open bays. In general, we observe a moderate
correspondence between areas of high submarine landslide
susceptibility and subaerial terrain prone to landslides, but
further research would be beneficial to better understand and
integrate landslide hazards in both environments, especially in
regions with rapidly degrading cryospheric terrain such as
Glacier Bay.
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