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Avalanches in the Saint Elias
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Implications for Future Hazards

Erin K. Bessette-Kirton™ and Jeffrey A. Coe?

" Department of Geology and Geophysics, University of Utah, Salt Lake City, UT, United States, ? Geologic Hazards Science
Center, U.S. Geological Survey, Golden, CO, United States

Glacial retreat and mountain-permafrost degradation resulting from rising global
temperatures have the potential to impact the frequency and magnitude of landslides
in glaciated environments. Several recent events, including the 2015 Taan Fiord rock
avalanche, which triggered a tsunami with one of the highest wave runups ever
recorded, have called attention to the hazards posed by landslides in regions like
southern Alaska. In the Saint Elias Mountains, the presence of weak sedimentary and
metamorphic rocks and active uplift resulting from the collision of the Yakutat and North
American tectonic plates create landslide-prone conditions. To differentiate between the
typical frequency of landsliding resulting from the geologic and tectonic setting of this
region, and landslide processes that may be accelerated due to changes in climate, we
used Landsat imagery to create an inventory of rock avalanches in a 3700 km? area
of the Saint Elias Mountains. During the period from 1984 to 2019, we identified 220
rock avalanches with a mean recurrence interval of 60 days. We compared our landslide
inventory with a catalog of M > 4 earthquakes to identify potential coseismic events, but
only found three possible earthquake-triggered rock avalanches. We observed a distinct
temporal cluster of 41 rock avalanches from 2013 through 2016 that correlated with
above average air temperatures (including the three warmest years on record in Alaska,
2014-2016); this cluster was similar to a temporal cluster of recent rock avalanches
in nearby Glacier Bay National Park and Preserve. The majority of rock avalanches
initiated from bedrock ridges in probable permafrost zones, suggesting that ice loss due
to permafrost degradation, as opposed to glacial thinning, could be a dominant factor
contributing to rock-slope failures in the high elevation areas of the Saint Elias Mountains.
Although earthquake-triggered landslides have episodically occurred in southern Alaska,
evidence from our study suggests that area-normalized rates of non-coseismic rock
avalanches were greater during the period from 1964 to 2019, and that the frequency of
these events will continue to increase as the climate continues to warm. These findings
highlight the need for hazard assessments in Alaska that address changes in landslide
patterns related to climate change.
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INTRODUCTION

Changes in landslide magnitude and frequency caused by rising
temperatures are expected in mountainous, cryospheric terrain
(e.g., Hock et al., 2019). This is especially true for rock slides and
rock avalanches because their occurrence can be influenced by the
degradation of ice (e.g., Gruber and Haeberli, 2007). Throughout
this paper, we use the term “landslide” as a general term for
all types of slope failures, and the term “rock avalanche” to
describe rapid, flow-like landslides of fragmented rock that began
as rock slides or rock falls (Hungr et al., 2014). Rock avalanches
are considered rare events, with estimated frequencies for rock
avalanches >20 Mm? or >1 km? for mountainous regions of
10,000 km? in Europe, New Zealand, and Canada ranging from
0.0002 to 0.0019 rock avalanches per year (526- to 5000-year
recurrence intervals, Hungr and Evans, 2004). However, because
recurrence intervals get longer as study area size gets smaller,
and shorter as rock avalanche size gets smaller, these recurrence
estimates are likely too short for individual sites, and too long
for rock avalanches <20 Mm?>. In support of the second part of
this statement, prior to the work by Hungr and Evans (2004);
McSaveney (2002) estimated a frequency of 0.05 to 0.03 rock
avalanches per year (a recurrence interval of 20-30 years) for rock
avalanches >1 Mm? in the Southern Alps of New Zealand.

Because rock avalanches are common in cryospheric-
mountainous terrain (e.g., Deline et al., 2015a) that is susceptible
to degradation by warming from climate change (e.g., Beniston,
2003; Paul et al., 2004; Gruber and Haeberli, 2007; Fischer
et al., 2012; Huss and Hock, 2015; Hock et al., 2019; Patton
et al, 2019), studies of ice-degradation processes and their
impact on slope stability (e.g., Fischer et al., 2006; Gruber and
Haeberli, 2007; Krautblatter et al., 2013), as well as climate-
induced changes in rock avalanche recurrence intervals and
sizes, are active landslide research frontiers. For mountainous
terrain, process research is generally of two types: studies on the
degradation of mountain permafrost and the resulting impact
on cohesion and pore pressure in rock slopes (e.g., Gruber and
Haeberli, 2007), and studies investigating how the reduction and
complete removal of glacial ice will impact steep rock slopes
that were previously supported by ice (e.g., Griamiger et al,
2018). In the United States, Alaska is an emerging hot spot for
such research because of abundant cryospheric terrain, annual
(statewide) mean temperatures that have increased at a rate of
0.4°C (0.7°F) per decade since the 1970s (Walsh et al., 2014;
Markon et al., 2018), and projected temperature increases (van
Oldenborgh et al., 2013; Markon et al., 2018) that will be among
the highest in the world.

Alaska is also tectonically active, and widespread rock
avalanches are periodically triggered by earthquakes (e.g., Tarr
and Martin, 1912; Post, 1967; Jibson et al., 2006). Uplift from
tectonic plate collisions, especially in south-central Alaska,
has likely weakened rocks, making them more susceptible to
failure by both earthquake and non-coseismic triggers. Aside
from earthquakes, climate related processes such as prolonged
warming periods, freeze-thaw, rapid snowmelt, or intense
or prolonged precipitation are common landslide triggers in
cryospheric mountain regions. In addition, such factors have

the capability to condition both earthquake-triggered and non-
coseismic rock avalanches. An intriguing research question is
related to the relative abundance and impact of rock avalanches
from these different processes, as well as the compound
effects that ice degradation will have on earthquake-triggered
rock avalanches.

From a hazards and risk perspective, the question of how
warming temperatures and changing patterns of precipitation
as a result of climate change will impact rock avalanche
frequency (recurrence intervals) and magnitude is important
to consider because rock avalanches often entrain material and
grow volumetrically as they travel downslope (e.g., Bessette-
Kirton et al., 2018), travel long (>5 km) distances (Post, 1967;
McSaveney, 1978; Evans and Clague, 1999; McSaveney, 2002;
Huggel et al., 2005, 2007, 2010; Evans et al., 2009; Geertsema,
2012; Guthrie et al., 2012; Jacquemart et al., 2020), and can create
cascading hazards (e.g., outburst floods or tsunamis) when they
impact mountain lakes or fiords (Miller, 1960; Bessette-Kirton
et al., 2017; Haeberli et al., 2017; Higman et al., 2018). These
characteristics make rock avalanches a risk to humans in areas
well downstream from locations where they initiate (e.g., Huggel
et al., 2005; Evans et al., 2009; Duhart et al., 2019; Mergili et al.,
2020; Walter et al., 2020).

Recent studies have suggested that rock avalanche recurrence
intervals are becoming shorter in New Zealand (McSaveney
et al, 2014, 2015) and Alaska (Coe et al., 2018), although
the driving mechanisms for these changes are uncertain. In
New Zealand’s Southern Alps, McSaveney et al. (2014) and
McSaveney et al. (2015) suggested that the shortened recurrence
interval for rock avalanches >1 Mm?® could be due to an
increasing accumulation of strain in the crust since the last
great earthquake, with mountain permafrost degradation being
a possible contributing factor. In Alaska, Coe et al. (2018) found
a temporal cluster of eight, large (total area >5 km?), highly
mobile rock avalanches that occurred during a 4-year period
(2012-2016) of record-breaking winter and spring temperatures,
and suggested that mountain permafrost degradation was a likely
cause, but acknowledged that other factors such as accumulating
crustal strain, glacial thinning, and increased precipitation may
have contributed.

A difficulty of assessing changes in rock avalanche magnitude
and frequency caused by climatic variations is a lack of long-
term, systematically and consistently collected data sets that
can be used to investigate such changes. Additionally, rock
avalanches deposited on glaciers often have a short residence
time and are rapidly reworked by glacial processes and snow
cover (McSaveney, 2002; Hewitt et al., 2011; Reznichenko et al,,
2011; Deline et al., 2015b; Dunning et al., 2015). These challenges
highlight the difficulty of collecting long-term data that are of
high and consistent quality. Several previous studies have utilized
long-term records generated from satellite imagery (Schlogel
et al., 2011; Uhlmann et al., 2013; Bessette-Kirton and Coe, 2016)
and seismic data (Hibert et al., 2019) to assess changes to the
frequency and magnitude of landslides, but, overall, such records
are rare, especially in mountainous cryospheric terrain.

In this paper, we present and analyze a new 36-year (1984-
2019) rock avalanche inventory (GIS map data are available in
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Bessette-Kirton et al., 2020) from the high alpine, Saint (St.) Elias
Mountains of southern Alaska. The St. Elias range lies at an
active convergent tectonic plate boundary and is susceptible to
rock avalanches (Petley, 2012; Evans and Delaney, 2014; Reid,
2017; Higman et al., 2018). We mapped rock avalanches in a
3700 km? area by systematically examining Landsat imagery, and
analyzed trends in rock avalanche frequency and magnitude in
the context of historical climate data from a local meteorological
station. We determined if any rock avalanches could have been
seismically triggered and compared our inventory with past
events (coseismic and not) in neighboring areas of southern
Alaska. Finally, we discuss the implications of our results for
erosion rates and glacier dynamics in the region, and the effects
of glacial thinning and permafrost degradation on rock avalanche
failures in the St. Elias Mountains.

Study Area

The 3700 km? study area is located in southern Alaska, within
Wrangell-St. Elias National Park and Preserve and along the
south flank of the glaciated St. Elias mountain range between
Icy Bay and Yakutat Bay (Figure 1). The St. Elias range is an
accretionary terrane at the convergent (collisional) boundary
between the northwestward moving Yakutat tectonic microplate
and the North American tectonic plate (e.g., Winkler et al., 20005
Bruhn et al, 2004). The convergence rate between the plates
is ~40-50 mm/yr (e.g., Elliott et al., 2010, 2013) and overall
exhumation within the orogen is estimated to be 2-3 mm/year,
with localized exhumation >10 mm/year (Pavlis et al., 2012).
Uplift within the study area from combined tectonic and isostatic
forces ranges from 16 to 18 mm/yr (Larsen et al, 2004).
Geologic units within the study area (e.g., see Winkler et al,
2000; Richter et al., 2005; Wilson et al., 2015) consist of folded
and faulted rocks including: flysches, altered volcanic rocks,
chert, carbonate, and granitic rocks of the Cretaceous Yakutat
Group; mudstones, siltstones and sandstones of the Tertiary and
Quaternary Yakataga and Tugidak Formations; Eocene siltstones
and sandstones of eastern Prince William Sound; flysches,
volcanic rocks, and graywackes of the Cretaceous Chugach
accretionary complex; and marbles, schists, and phyllites of the
Mississippian Kaskawulsh group.

The St. Elias study area lies within the largest connected
glacier and icefield complex in continental North America
(Muskett et al., 2003), and relief within the study area is extreme,
ranging from sea level to Mount St. Elias at 5489 m within
a distance of 19 km (Figure 1). Gruber (2012a,b) indicates
that mountain permafrost is likely present in high elevation
areas (see Gruber (2012b) for map data). Glaciers cover roughly
50% of the study area (Figure 1) and include interior valley
(e.g., Seward), tidewater (e.g., Hubbard), and piedmont (e.g.,
Malaspina) glaciers. Erosion by glaciers is approximately equal
to the rate of uplift (Spotila et al., 2004). Between 1972/1973
and 2000, thinning of 47 & 5 m was observed in the ablation
areas of the Malaspina Glacier, including the Seward lobe, and
the Agassiz, Marvine, and Hayden Glaciers (Muskett et al.,
2003). More recent surveys between 2007 and 2012 have shown
several meters of local thickening per year for Seward Glacier
and the upper part of Malaspina Glacier, and thinning rates

of one to several meters per year elsewhere in the study area
(Loso et al., 2014).

Several studies have documented landslides in the study area
during the past century. Most recently, in October 2015 the Taan
Fiord landslide (Dufresne et al., 2018; Haeussler et al., 2018;
Higman et al., 2018) involved the collapse of 76 Mm?® of material
(Haeussler et al., 2018) from a previously identified, unstable
mountain flank (Meigs and Sauber, 2000), onto the terminus of
Tyndall Glacier and into Taan Fiord. This landslide generated
a tsunami with a maximum onshore runup of 193 m (Higman
etal., 2018). Prior to the Taan Fiord landslide, reported landslides
in the study area included a rock avalanche that was detected
seismically and occurred at the terminus of Hubbard Glacier at
Disenchantment Bay (i.e., the northernmost part of Yakutat Bay,
Figure 1) in 2012 (Petley, 2012), two rock avalanches in 1965
that were deposited on the Blossom (1.5 km? deposit area) and
Marvine (1 km? deposit area) Glaciers (Post, 1967), a 3 Mm?
rock-ice avalanche that was deposited on Marvine Glacier in
1983 (e.g., Schneider et al., 2011) and three large (6-10 Mm?)
rock avalanches triggered by a M 7.4 earthquake on February 28,
1979 that failed from rock slopes within 10 km of both sides of
Seward Glacier (Cascade 1, 2, and 3 in Table 2 of Reid, 2017;
see also Delaney and Evans, 2014; Evans and Delaney, 2014).
In September 1899, coseismic rock avalanches throughout the
St. Elias range were recorded in the aftermath of multiple large
(M 7.8 to M 8.6, Stover et al., 1980) earthquakes that occurred
in the Yakutat Bay area (Tarr and Martin, 1912; Evans and
Clague, 1999). After making post-earthquake field observations
in the region in 1905, Tarr and Martin (1912, p. 48) stated
that rock and snow “avalanche tracks are far more abundant in
the Yakutat Bay region than in any part of the thousand-mile
mountainous inside passage from Seattle to Sitka” and attributed
this abundance to their close proximity to active earthquake
faults. Additionally, Tarr and Martin (1912) noted the locations
of several rock avalanches near the coastline and indicated that
multiple glaciers in the area experienced surging because of the
amount of rock avalanche debris that was deposited on them
during the earthquake.

MATERIALS AND METHODS
Inventory Mapping

The methods used in this work were replicated from Bessette-
Kirton and Coe (2016) and Coe et al. (2018). Here, we provide
a summary of the methodology and discuss some additional
details that were necessary to consider for the St. Elias study area.
We used 30-m resolution Collection 1 Level-1 Landsat imagery,
which has been continuously collected since 1984, to create an
inventory of rock avalanches in our study area from 1984 through
2019. To maintain consistency throughout the 36-year period of
record we did not utilize the 15-m resolution panchromatic data
that are available for Landsat 7 and Landsat 8 since these data are
not available for earlier Landsat missions. The consistency and
short acquisition time (~16 days) of Landsat typically allowed
us to examine at least one early summer (May or June) and
one late summer (August or September) image from every year
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FIGURE 1 | Map of the Saint Elias study area (red polygon) in Alaska, showing locations of rock avalanches mapped between 1984 and 2019 (yellow dots).
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(Supplementary Table S1). Within the period of record, 1989 was
the only year for which coverage of the study area was incomplete,
when imagery was only available for half of the study area.
Whenever possible, we used the best quality, cloud-free imagery
to improve our ability to identify rock avalanches, but in rare
cases we were forced to use cloudy or poor quality (e.g., striping,
poor lighting) images out of necessity (see Bessette-Kirton et al.,
2020 for details).

We performed a grid search of the study area and identified
rock avalanches at a scale of 1:60,000, and then mapped the
total affected area (undifferentiated source and deposit areas) at
a scale of 1:20,000. In addition to mapping total area polygons,
we mapped headscarp points corresponding to the center of
each rock avalanche headscarp, and travel distance lines, which
reflect the maximum distance from the headscarp point to the
farthest extent of visible rock avalanche deposits. Geographic
information system (GIS) data are available from Bessette-Kirton
et al. (2020) and here we include summary attributes for each
mapped rock avalanche (Supplementary Table S2). Whenever
possible, we used additional Landsat imagery (including fall and
winter images) to map and constrain the date range for each
event, and in a few cases, we also used DigitalGlobe imagery
to further constrain rock avalanche dates (see Supplementary
Table S2, Bessette-Kirton et al., 2020). We typically used false
color images (band combinations 453 for Landsat 4, 5, 7, and
564 for Landsat 8) to systematically search the study area since
the color contrast allowed for detection of events at a small scale.

Subsequently, we used both true color and false color images
(e.g., Figure 2) to map each event in detail. In some cases,
good quality, true-color images allowed us to delineate disturbed
source areas more easily than false color images, but contrast
between disrupted or entrained snow and ice was often more
noticeable in false color images.

We mapped rock avalanches by identifying lobate deposits
that exhibited a high contrast with the surrounding surface and
noticeable differences between progressive Landsat images. At
the resolution of Landsat imagery (30 m), dark-colored rock
avalanche deposits emplaced on glacier surfaces were much
more readily identifiable than rock avalanche source areas. In
addition, it was much more difficult to identify rock avalanche
deposits with a high percentage (i.e., >50%) of snow and ice
that were emplaced on glaciers (i.e., because of low contrast with
surrounding ice surfaces), rock avalanches that were disturbed by
glacier movement, or rock avalanches that were predominantly
deposited onto rock surfaces. We identified several events that fit
these criteria, but our mapping methods could have caused us to
miss additional events with these characteristics. Rock avalanches
that occurred during the winter and were rapidly covered by
snowfall and reworked before reappearing during the summer
were particularly difficult to detect, and our inventory may have
missed events with these characteristics.

Based on the size of events that could be consistently
identified in 30-m resolution imagery, we used a total rock
avalanche area of 0.1 km? as a minimum limit of detection.
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FIGURE 2 | (A) Landsat image acquired on 24 July 2018 (false color band combination RGB = 564) showing a fresh rock avalanche deposit (RA 212, event occurred
between 8 June 2018 and 1 July 2018) and older rock avalanche deposits buried under snow on the surface of Hitchcock Glacier. (B) Landsat image acquired on 3
September 2018 showing the deposit of RA 212 starting to degrade and older rock avalanche deposits that have been uncoved by snow. (C,D) True color images

of (A,B), respectively. DigitalGlobe satellite images that were collected at similar times are shown in parts (E) 5 July 2018 and (F) 4 September 2018 for comparison.

Thus, we did not map rock falls or continuously active talus
slopes in which relatively small movements were consistently
visible. The accuracy with which we were able to map rock
avalanches varied with image quality and terrain type. In general,
headscarp locations were much more difficult to delineate than
deposit areas because shadows were often present in areas of

steep terrain, and contrasts between fresh failure surfaces and
intact rock were more difficult to identify on bedrock ridges
with partial or no snow cover (which was typical during the
summer months). Thus, we estimated the absolute accuracy
of deposit polygons and headscarp points to be £50 m and
+150 m, respectively.
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In the St. Elias study area, rock avalanches commonly occurred
from source areas that had previously failed. We observed
repeated failures with temporal spacing ranging from days to
years, and thus developed the following criteria to classify rock
avalanches originating from the same source areas. In a few
cases, we observed repeated rock avalanche failures from the
same location within a 1-month time period. When two rock
avalanches occurred from the same source area location within
a l-month period of time, we classified the event as a “two-
part” failure. These events were recognized on rare occasions
when high-quality images were closely spaced in time, and we
acknowledge that they consisted of a minimum of two parts
but may have included more. The general lack of closely spaced
imagery could have prevented us from identifying many more
failures which happened in multiple parts. Furthermore, if an
event occurred in multiple episodes, closely spaced imagery
allowed us to detect a small event followed by a larger event,
but not a large event followed by a small event (due to the
lack of contrast between overlapping rock avalanche deposits).
Therefore, two-part failures were mapped as separate events, but
were counted together, as a single event for statistical analyses of
rock avalanche rates.

In the case of rock avalanche failures that originated from
the same source area but were separated by months or years,
we used successive imagery to differentiate between old and new
deposits. If a rock avalanche was found in an area where an older
rock avalanche had previously been mapped, we compared the
shapes and textures of the deposits to decide if the new event was
distinct from the old event. Often, the shape of a new deposit
was substantially different from that of older deposits. Recent
deposits were usually characterized by smooth, lobate edges that
contrasted sharply with the surrounding surface (Figures 2A,C),
whereas old deposits typically had rough or uneven edges and
sometimes became more visible throughout the summer as snow
cover progressively melted (Figures 2B,D). After identifying all
distinct rock avalanches, we used our headscarp accuracy limit of
£150 m to group rock avalanches with overlapping source areas
into spatial clusters.

Earthquake Search

To identify rock avalanches that could have been triggered by
earthquakes, we searched the U.S. Geological Survey earthquake
catalog (U.S. Geological Survey, 2019, 2020) for M > 4
earthquakes that occurred within a distance of 1000 km from the
headscarp location and coincided with the event date range of
each rock avalanche in our inventory. We analyzed each resulting
earthquake based on the magnitude-distance criteria established
by Keefer (1984) and subsequently modified by Jibson (2013) to
determine whether it could have triggered the rock avalanche.
For example, based on these criteria, an earthquake that occurred
100 km away from the rock avalanche source area could have been
a possible trigger if it was M > 6.2. In accordance with Coe et al.
(2018), we used the conservative “disrupted landslides” criteria
(i.e., the most susceptible type of landslide) of Keefer (1984)
since we did not have prior knowledge of hillslope conditions.
Disrupted landslides have experienced movement in the past
and may, therefore, have established failure surfaces. Disrupted

landslides are more sensitive to triggering by earthquakes than
coherent landslides. For example, at a distance of 100 km from an
earthquake epicenter, a disrupted landslide could be triggered by
a smaller magnitude earthquake than the one required to trigger
a coherent landslide.

Climate Analyses

We used climate data from the Yakutat Airport weather station
(Lawrimore, 2017) to examine long-term temperature and
precipitation trends in close proximity to the St. Elias study area.
The Yakutat Airport weather station (59.512°, —139.6712°) is
located 60 km southeast of the St. Elias study area and has a
nearly complete data record dating back to 1948. We examined
data from the 72-year period for which nearly continuous data
were recorded at the station (1948-2019) to identify trends
over the entire data record and also during the 36-year period
corresponding to our rock avalanche inventory (1984-2019).

We used monthly temperature (minimum, maximum, and
average), precipitation, and snowfall averages from 1948 to 2019
and 1984-2019 to track monthly, seasonal (multi-month), and
yearly climate trends at the Yakutat Airport weather station.
We used data from October 1-September 30 (water year) to
represent annual climate intervals and evaluated trends in
annual data using Mann-Kendall statistical tests (Hussain and
Mahmud, 2019). The low elevation (10 m above sea level)
and geographic position of the Yakutat Airport weather station
undoubtedly contributed to differences in absolute temperature
and precipitation values between the weather station and the
higher elevation, mountainous terrain characteristic of the St.
Elias study area. Because of this potential problem, we focused
our analysis on long-term temperature and precipitation trends
that may have influenced rock avalanche processes in the region,
rather than examining absolute climate conditions for individual
rock avalanche events. Furthermore, the presence of only one
meteorological station in proximity to the St. Elias study area
limited the extent of interpretations that we were able to make.

RESULTS

Rock Avalanche Inventory

Our inventory mapping revealed 220 rock avalanches in the
St. Elias study area during the 36-year period between 1984
and 2019 (Figure 1 and Supplementary Table S2). We did not
observe other types of landslides during the period of record.
On average, 6 rock avalanches occurred annually, with at least
2, and up to 14 events occurring each year (Figure 3). The
greatest number of rock avalanches (per year) occurred during
2016 (14 rock avalanches, Figure 3). The longest period of
consecutive years (four) with numbers of rock avalanches above
the average of six, was from 2013 to 2016. Since we primarily
used imagery to constrain the timing of rock avalanches in
our inventory, most events were characterized by a range of
possible event dates (Supplementary Table S2 and Figure 3A).
These ranges varied from several days to nearly 14 months. The
only exceptions are a rock avalanche on the Hubbard Glacier
in 2012 (RA 161, Supplementary Table S2; Petley, 2012), the
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of rock avalanches that occurred annually during the period of record, with an overall mean of six rock avalanches per year.
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Taan Fiord landslide (RA 188, Supplementary Table S2), and a
rock avalanche which occurred in 2017 (RA 204, Supplementary
Table S2) for which we were able to confirm the exact date

with seismic data analysis. Overall, the mean recurrence interval
between rock avalanches was 60 days. However, rock avalanches
were not evenly distributed throughout the year, but instead,
occurred primarily during summer months, with 82% of all
possible rock avalanche occurrences during May, June, July, and
August (Figure 3A). During the period of record, the month
with the highest number of possible rock avalanche occurrences
was July (129; Figure 3A), and we observed no considerable
changes in the occurrence dates of rock avalanches over time. We
acknowledge that the observed predominance of summer season
rock avalanches could be biased by the difficulty of detecting rock
avalanches during winter months. We also acknowledge that this
bias could have resulted in an undercounting of events.
Earthquake catalog search results yielded three rock
avalanches (shown in orange in Figure 3) that could have
been triggered by earthquakes (Supplementary Table S3). The
absence of good quality imagery for these events limited our
ability to narrow the range of possible event dates to fewer
than 9-14 months (Figure 3A), which may have hindered the
potential to rule out seismic triggers. Additionally, we identified
three two-part failures (shown in red in Figure 3). Since any of
the rock avalanches in our inventory could have also failed in
multiple parts, we consider each two-part failure only once when
quantifying rock avalanche rates and comparing rock avalanches
to climate data. Additionally, possible earthquake-triggered
landslides were not included in comparisons to climate data.
Rock avalanche areas (combined source and deposit areas)
ranged from 0.1 to 4.4 km?, with a median area of 0.4 km?
(Figure 4A). Travel distances of rock avalanches ranged from
0.6 to 6.5 km with a median of 1.8 km (Figure 4B). The
skewed distributions of area and travel distance indicate that
most rock avalanches were small and had short travel distances.
These distributions differed from the uniform distribution of
rock avalanche mobility, measured by the ratio of fall height (H)
to travel distance (L), which had a mean of 0.37 (Figure 4C).
The examination of rock avalanche characteristics revealed no
changes in area, travel distance, or mobility as a function of time.
Rock avalanches commonly initiated at or near bedrock ridges
in probable permafrost zones (Figure 5B; Gruber, 2012b) were
transported over mountainsides irregularly covered with snow
and ice, and deposited onto either glacier accumulation zones
or occasionally, gently sloping valley glaciers. Notably, the only
rock avalanche in our inventory that did not predominantly
run out onto a glacier was the Taan Fiord landslide, which
partially deposited material onto Tyndall Glacier, but was mostly
emplaced in Taan Fiord (Higman et al., 2018). We observed that
rock avalanche deposits typically disappeared rapidly and were
rarely identifiable in the years following an event unless they
were uncovered by snowmelt at the end of a following summer
(e.g., Figure 2). In some cases, we found that rock avalanche
deposits were covered by snow or reworked within a few months
after deposition (Figure 6). Some large rock avalanche deposits
that traveled onto glacier ablation zones were visible on glaciers
for multiple (up to 27) years after occurrence. The largest rock
avalanche in our inventory (RA 33, Supplementary Table S2),
which occurred in 1992 and had a total area of 4.4 km?, was visible
in imagery through 2019 (Figure 7). The movement rate of the
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deposit terminus on the glacier surface varied between 65 and
250 m/year (Supplementary Table S4).

Rock avalanches initiated from a variety of rock types, but
were particularly abundant to the east of Malaspina Glacier in
the schist of Nunatuk Fiord (Kyn), flysch (Kyf) and mélange
(Kym) of the Yakutat Group, and granitic plutons (Td, Tgp)
which intruded Kyn and Kym (Figure 5A). Over half of all rock
avalanches (131) originated in the flysch (Kyf) of the Yakutat
Group (Table 1), which is the most areally extensive bedrock
unit in the study area, underlying 34% of all non-ice-covered
areas. The spatial density of rock avalanches in the flysch (Kyf)
was 0.32 rock avalanches/km? (Table 1), which was relatively
low compared to other geologic units. For example, the units
with the highest spatial densities (1.3 rock avalanches/km?) were
the intrusive units (Td and Tgp; Table 1). The spatial density of
rock avalanches in the schist of Nunatuk Fiord and other (non-
flysch) units in the Yakutat Group ranged from 0.32 to 0.40 rock
avalanches/km? (Table 1).

Spatial Rock Avalanche Clusters

Over half of the rock avalanches in our inventory (122; Table 1)
initiated from source areas that failed repeatedly during the
period of record. We identified 34 different source areas that
contained between 2 and 14 distinct failures (i.e., spatial rock
avalanche clusters). Spatial rock avalanche clusters occurred in
rocks of the Yakutat Group (Kyf, Kyn, and Kym), intrusive units
(Td and Tgp) and gneiss and schist (Kvg) of the Chugach terrane.
Spatial clusters occurred in all geologic units with at least five
failures, and nearly 70% of all failures in flysch (Kyf) of the
Yakutat Group occurred in spatial clusters. Three rock avalanches
that were documented in the study area prior to 1984 coincided
with the locations of spatial clusters in our inventory. The exact
location of two 1965 rock avalanches on Marvine and Blossom
Glaciers (Post, 1967) are unknown, but approximately coincided
with clusters ¢23 and c5, respectively (Table 2). A coseismic
rock avalanche triggered by the 1979 St. Elias earthquake
(Cascade 3; Delaney and Evans, 2014; Evans and Delaney, 2014;
Reid, 2017) was located on Hitchcock Glacier (Figure 1) and
coincided with cluster c12 (Table 2). Spatial rock avalanche
clusters predominantly originated from slopes with north and
west aspects, whereas single rock avalanches preferentially failed
from south-southeast facing slopes (Supplementary Table S2,
Supplementary Figure S1). We found no substantial differences
between the deposit characteristics (area, travel distance, H/L)
between rock avalanches that occurred in spatial clusters and
those that did not.

Among all spatial clusters of rock avalanches, the timing of
repeated events had no apparent pattern (Figure 8), although
seven different clusters had events that occurred in consecutive
years. The recurrence intervals for distinct spatial clusters ranged
from just over a year (369 days) to more than 18 years (6572 days;
Table 2). Overall, about 67% of basins in which rock avalanches
occurred, had one event in the 36-year period of record. The
other 33% of basins had multiple rock avalanches during the
period of record (e.g., Figures 9, 10). The source areas of spatial
clusters c11 and c12 were located approximately 800 m apart
and deposits from both clusters were emplaced in the same

area of Hitchcock Glacier (Figure 9), making this the most
active basin in the study area. The combination of seven failures
from cluster cl11, 14 failures from cluster c12, and spatially
overlapping deposits from both clusters, resulted in a mean
recurrence interval of 2 years (18 overlapping rock avalanche
deposits in 36 years) for a small part of the Hitchcock Glacier
(Figures 9B, 10).

Climate Analyses

Mann-Kendall tests for temperature and precipitation during the
72-year period for which nearly continuous data were recorded
at the Yakutat Airport weather station (1948-2019) yielded
statistically significant (p = 0.05) increasing trends for average
(slope = 0.028°Cl/year), maximum (slope = 0.028°C/year),
and minimum (slope = 0.030°C/year) annual temperatures, a
statistically significant (p = 0.05) decreasing trend for annual
snowfall (slope = —3.5 mm/year), and no trend for precipitation.
During the 72-year period, a warmer than average period began
in 1977 and continued through 2019 (Figure 11A). This period
was characterized by less than average snowfall (Figure 11B) but
wide variations in overall precipitation (Figure 11C). Between
1977 and 2019, average annual temperatures exceeded the 72-year
average 65% of the time, while minimum annual temperatures
were above average 70% of the time. Total annual snowfall was
below average during 79% of the years between 1977 and 2019.
Beginning in about 1977, total precipitation was above average
until the early 2000s, when precipitation decreased and remained
below average through 2019 (Figure 11C).

The examination of monthly data throughout the period
of record revealed seasonal discrepancies in the timing
and magnitude of temperature changes. During the period
between 1948 and 2019, winter (December through February)
temperatures were generally more above average than summer
temperatures. During the period of our rock avalanche inventory
(1984-2019), January temperatures exceeded average by about
twice as much as any other month (Figure 12A), and summer
temperatures (May through August) also exceeded average more
than temperatures during spring and fall months, although to
a lesser extent than winter temperatures. Because winter and
summer temperatures showed larger deviations from average
during the period of our rock avalanche inventory, we used
winter (December through February) and summer (June through
August) seasonal averages to investigate temperature trends that
may have affected rock avalanche processes.

During the period between 1984 and 2019, winter (December
through February) and summer (June through August)
temperatures were variably above and below the overall
(1984-2019) mean (Figures 12B,C). Five-year moving
average winter temperatures were above average for two
or more consecutive years between 1986-1988, 1999-2006,
and 2012-2017 (Figure 12B). Five-year moving average
summer temperatures were similarly above average for two or
more consecutive years between 2003-2006 and 2011-2017
(Figure 12C). The most recent and longest period during which
both summer and winter temperatures were consistently above
average coincided with a peak in rock avalanche activity that
occurred between 2013 and 2016 (Figure 12D). In the future,
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TABLE 1 | Characteristics of rock avalanches that occurred in the Saint Elias study area between 1984 and 2019 in varying bedrock formations (Richter et al., 2005).

Bedrock geology Rock avalanches Rock avalanches Rock Spatially Single rock
(#) (%) avalanches/Area clustered rock avalanches (#)
(km?) avalanches (#)

All 220 n/a 0.21 122 98
Yakataga formation (Qty) 3 1.4 0.01 0 3
Amphibolite-facies flysch (Kvm) 2 0.9 0.03 0 2
Gneiss and schist (Kvg) 19 8.6 0.18 2 17
Kulthieth formation (Tk) 3 1.4 0.04 0 3

Poul creek formation (Tps) 1 0.5 0.28 0 1
Granitic plutons (Tgp) 19% 8.6 1.30 7 12
Rhyolite porphyry and granite (Td) 8 3.6 1.31 5 3
Kaskawulsh group (Pzk) 1 0.5 0.06 0 1
Yakutat group mélange (Kym) 16* 7.3 0.40 7 9
Yakutat group flysch (Kyf) 131+%% 59.5 0.32 92 39
Schist of nunatak fiord (Kyn) 17 7.7 0.35 8 9

“Includes two-part failure. %

avalanches.

additional climate data from multiple stations located in the
study area or in similar terrain could aid in the understanding of
climate-driven rock avalanche processes.

DISCUSSION

Comparison With Other Rock Avalanche

Inventories

Recent works by Uhlmann et al. (2013) and Coe et al. (2018)
present inventory data of rock avalanches in areas of southern
Alaska that have terrain and climate characteristics that are
similar to the St. Elias study area. Uhlmann et al. (2013)
utilized Landsat imagery to identify and track the movement of
rock avalanche deposits on glaciers in the Chugach Mountains
between ~1950-2008. The methods and data sources that we
used in the St. Elias study area were identical to those used by
Coe et al. (2018) in their study of rock avalanches in Glacier
Bay National Park and Preserve (GBNPP) between 1984 and
2016. Rock avalanches in the St. Elias Mountains occurred seven
times more frequently (Figure 13A), but were, on average, an
order of magnitude smaller (Figure 13B) than rock avalanches
in a 5000 km? area of GBNPP between 1984 and 2019 (Bessette-
Kirton and Coe, 2016; Coe et al,, 2018 and Supplementary
Table S5). The average recurrence interval for rock avalanches
in GBNPP was 437 days (30 rock avalanches), with an average
of 0.8 rock avalanches occurring annually (Coe et al., 2018
and Supplementary Table S5). Similarly, Uhlmann et al. (2013)
reported rock avalanche rates of 0.8-1.7 events/year in the
Chugach Mountains (including rock avalanches triggered by
earthquakes), which is about 4-8 times less frequent than non-
coseismic rock avalanches in the St. Elias area.

We suspect that the large difference in the frequency of
rock avalanches between the St. Elias and GBNPP study areas
is due to differences in tectonic settings and rock types. The
St. Elias area is undergoing rapid uplift due to compression
from the collision of the Yakutat micro-tectonic plate and the
North American tectonic plate. The GBNPP area is undergoing

Includes possible earthquake-triggered rock avalanche. **Includes 2 two-part failures. %%Includes two possible earthquake-triggered rock

rapid uplift from viscoelastic rebound from post-Little Ice Age
deglaciation, but lacks comparable active compression because
it is located adjacent to a transform plate boundary between
the Pacific and North American plates. In the St. Elias area, the
presence of flysch (flysch of the Yakutat Group, Kyf), a weak
rock type which is known to be highly susceptible to rock-slope
failures in many parts of the world (e.g., Duman et al., 2005;
Margielewski, 2006), likely contributed to the relatively high
occurrence of rock avalanches. A comparable geologic unit is not
present in GBNPP.

Although we observed differences in the total number and
magnitude of events in the neighboring GBNPP study area,
the timing and frequency changes observed in both study areas
share important similarities. In both the GBNPP and St. Elias
areas, a large departure from the average number of rock
avalanches occurred between 2013 and 2016, a period during
which regional temperatures were above average (Figures 11A,
12B-D). During this period, the annual number of rock
avalanches was, on average, 1.5 and 4 rock avalanches above
the overall yearly average for St. Elias and GBNPP, respectively
(Figure 13A). A smaller positive departure from average (0.5-3
rock avalanches) also occurred in both study areas between 1994
and 1996, which correlates to increased winter temperatures in
the GBNPP study area (Coe et al., 2018), but no strong positive
or negative temperature change at the Yakutat weather station
(Figures 11A, 12B-D). The rate of rock avalanches per year
increased during the period of record for both study areas, with
increases of 1.2 and 0.3 rock avalanches per year in St. Elias and
GBNPP, respectively.

A comparison of rock avalanche frequencies between the
St. Elias study area and mountainous regions in the European
Alps, New Zealand Alps, and Canada (McSaveney, 2002; and
Table 1 of Hungr and Evans, 2004) suggests that the frequency
of rock avalanches in the St. Elias area is exceptional. For
events larger than 1 km?, the St. Elias study area had a rock
avalanche frequency of 2.3 events/year/10,000 km? (30 events
>1 km?). This rate is >45 times higher than the rate of rock
avalanches >1 Mm?® in New Zealand (0.03-0.05 events/year,
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TABLE 2 | Characteristics of 34 rock avalanche clusters (122 rock avalanche
events) in the Saint Elias study area.

Rock Bedrock Number of Mean Mean
avalanche geology events recurrence recurrence
cluster interval interval
between between
events (days) events
(years)
ct Kvg 2 1835 5.0
c2 Kyf 4 1857 5.1
c3 Kyf 3 4386 12.0
c4 Kyf 3 3459 9.5
ch Kyf 3 2024 5.5
c6 Kyf 6 1611 4.4
cr* Kyf 7 1769 4.8
c8 Kyf 2 3301 9.0
c9 Kyf 2 2259 6.2
c10 Kyf 2 369 1.0
cl1 Kyf 7 1878 5.1
cl2* Kyf 14 871 2.4
cl13 Kyf 2 5044 13.8
cl4 Kyf 3 3841 10.5
cl15 Kyf 6 2051 5.6
c16 Kyf 2 5525 15.1
c17% Kyf 3 3712 10.2
c18 Kyf 2 4034 111
c19 Kyf 2 1868 5.1
c20 Kyf 3 2906 8.0
c21 Kyf 7 1280 3.5
c22 Kyf 7 15688 4.4
c23 Kyf 2 4411 121
c24 Kym 3 5109 14.0
c25* Kym 4 3071 8.4
c26 Kyn 4 1352 3.7
c27 Kyn 2 1456 4.0
c28 Kyn 2 4700 12.9
c29 Td 2 3285 9.0
c30 Td 2 2960 8.1
c31 Td 2 1483 4.1
c32 Tgp 3 1596 4.4
c33 Tap 2 1080 3.0
c34 Tap 2 6572 18.0

%

*Includes two-part failure. ** Includes possible earthquake-triggered rock avalanche.

McSaveney, 2002) and >1000 times higher than the frequencies
(0.0002 to 0.0019 events/year/10,000 km?) reported by Hungr
and Evans (2004) for rock avalanches >20 Mm?> or >1 km?.
Additionally, the St. Elias rate is 4 times greater than the
frequency of rock avalanches greater than 1 km? in GBNPP (Coe
et al., 2018 and Supplementary Table S5). Comparisons with
rock avalanche frequencies in additional areas should be made
as more systematically derived inventories become available.

Comparison With Coseismic Rock

Avalanches in Alaska
Many of the rock avalanches that have been mapped and
documented in southern Alaska have been triggered by

earthquakes (Tarr and Martin, 1912; Miller, 1960; Post, 1967;
Jibson et al., 2006, 2020; Delaney and Evans, 2014). In
contrast, several large rock avalanches in Alaska during the last
15 years have attracted attention because they may have been
conditioned by warming temperatures (Huggel et al., 2008, 2010).
Additionally, in GBNPP non-coseismic rock avalanches (30 total;
Bessette-Kirton and Coe, 2016; Coe et al., 2018, Supplementary
Table S5) dominated the record of rock-slope failures during a
period of relative earthquake quiescence between 1984 and 2019.
This recent work suggests that a comparison between the number
of rock avalanches triggered by earthquakes and those triggered
by other sources would improve the understanding of the relative
contribution of each type.

Since 1964, there have been three, large (>M 7.1) earthquakes
that triggered widespread, well-documented landslides in
southern Alaska: (1) the 1964 M 9.2 Anchorage earthquake
(Hansen et al., 1966; Post, 1967); (2) the 2002 M 7.9 Denali
earthquake (Eberhart-Phillips et al., 2003; Jibson et al., 2006);
and (3) the 2018 M 7.1 Anchorage earthquake (Jibson et al,
2020). Nearly all of the landslides triggered in 2018 occurred at
low altitudes and were not located in cryospheric terrain (Jibson
et al., 2020). The 1964 and 2002 earthquakes triggered many
rock avalanches in mountainous terrain similar to our study
area (e.g., Post, 1967; Jibson et al., 2006; Schulz, in press). Two
additional earthquakes in the late 20th century, one in 1958
and one in 1979, caused a few isolated, but notable landslides.
The 1958 M 7.8 earthquake triggered a rock avalanche that
entered Lituya Bay in GBNPP and caused a tsunami with
a runup of 524 m (Miller, 1960). The 1979 M 7.2 St. Elias
earthquake (Lahr et al., 1979) triggered three large (~3-5 km?)
rock avalanches in the St. Elias study area (Delaney and Evans,
2014; Evans and Delaney, 2014). Although the epicenter of the
1979 St. Elias earthquake was located amidst the precipitous
terrain of the St. Elias mountains (~40 km from our study area)
widespread rock avalanches were not triggered by the event
(Lahr et al, 1979). However, since the earthquake occurred
during the winter, the presence of ice-filled discontinuities could
have resulted in increased cohesion of otherwise susceptible
slopes (Gruber and Haeberli, 2007) or snowfall could have
rapidly covered deposits, making them difficult to detect (e.g.,
Dunning et al., 2015).

At least 78 rock avalanches were triggered by the 1964
earthquake [Table 2 of Post (1967)], and approximately 1580
events were triggered by the 2002 earthquake (Schulz, in
press). Summing these numbers in addition to the three 1979
St. Elias rock avalanches (we omitted the 1958 Lituya Bay
rock avalanche since an inventory was not conducted for the
earthquake), yields a crude minimum estimate of 1661 rock
avalanches triggered by earthquakes in southern Alaska since
1964, or a mean of about 27 per year (1661/55 years) in an
area with a size of 140,000 £ 30,000 km?. The combined area
of the St. Elias (3700 km?) and GBNPP (5000 km?) study
areas is about 8700 km?. The total number of non-coseismic
rock avalanches in both areas between 1984 and 2019 is 244.
Although we don’t have systematic records of rock avalanches
prior to 1984 in either of the study areas, we can compare
with coseismic rock avalanches during the period from 1964
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FIGURE 8 | Histograms showing the timing of clustered rock avalanche failures in the flysch (Kyf) and mélange (Kym) members of the Yakutat Group, schist of
Nunatak Fiord (Kyn), gneiss and schist of the Chugach terrane (Kvg), granitic plutons (Tgp), and rhyolite porphyry and granite (Td) in the Saint Elias study area

to 2019 by assuming 244 as a minimum number of non-
coseismic events. Thus, the minimum rate of non-coseismic
rock avalanches for the St. Elias and GBNPP study areas
was about 4 events per year (244/55 years). Normalizing
the two means by area (27/year/140,000 %+ 30,000 km? and
4/year/8,700 km?) yields values of 0.0002 =+ 0.00005/year/km? for
earthquake-triggered rock avalanches, and 0.0005/year/km? for
non-coseismic rock avalanches. These estimates suggest that, in
cryospheric mountainous terrain since 1964, the area-normalized
rate of non-coseismic rock avalanches was, at a minimum, about
2x greater than that of earthquake-triggered rock avalanches.

We acknowledge that a longer period of time may be
needed to better characterize the frequency of rock avalanches
triggered by earthquakes. Additionally, intense shaking from
earthquakes can destabilize slopes, or cause marginally stable
slopes to fail, and thus alter the frequency of subsequent non-
coseismic rock avalanches (e.g., Shafique, 2020). The opposite
effect would also be true, that is, future earthquakes could be
more impactful because intense shaking could have a greater
effect on slopes that are increasingly susceptible to failure
as a result of glacial retreat or permafrost degradation; a
phenomenon that has been demonstrated for the combination of
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FIGURE 9 | (A) Closeup of the Hitchcock Glacier showing mapped headscarp locations for rock avalanche clusters ¢11 (gray dots) and ¢12 (colored dots) and
deposits (colored lines) for cluster c12. Black circles denote a 150 m buffer zone around each headscarp point, indicating the extent of possible mapping error.
(B) Heat map showing the number of overlapping rock avalanche deposits from clusters c11 (gray headscarp points) and c¢12 (colored headscarp points) on the

Hitchcock Glacier.

earthquake shaking and increased precipitation in soil landslides
(Bontemps et al., 2020). Overall, the relative number of rock
avalanches is likely to increase in the future as a result of
warming temperatures in mountain cryosphere environments
(e.g., Huggel et al., 2010; McColl, 2012; Deline et al., 2015a;
Coe et al., 2018). The distinct, overlapping temporal clusters of
rock avalanche activity in the St. Elias (2013-2016) and GBNPP
(2012-2016) study areas encompassed a 3-year period (2014-
2016) of record-breaking warmth in Alaska (e.g., NOAA, 2017;

Walsh et al., 2017), and demonstrate that this phenomenon has
already begun to occur.

Implications for Glacier Composition and
Dynamics

Supraglacial rock avalanches contribute to large-scale sediment
fluxes of glaciated basins and can affect the movement and
composition of the glaciers upon which they are deposited.
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FIGURE 10 | Landsat imagery showing 14 mapped rock avalanches (cluster ¢12) on Hitchcock Glacier in the Saint Elias Mountains. Rock avalanches occurred in
(A) 1984 (RA 2), (B) 1986 (RA 8), (C) 1989 (RA 24), (D) 1990 (RA 25), (E) 1992 (RA 37), (F) 1993 (RA 43), (G) 1995 (RA 51), (H) 1996 (RA 62), (I) 1999 (RA 78), (J)
2001 (RA 86), (K) 2010 (RA 149), (L,M) 2012 (RA 158 and RA 159), and (N) 2015 (RA 182). (O) Hillshade (derived from a 5 m digital elevation model (DEM; U.S.
Geological Survey, 2012) of Hitchcock Glacier and the surrounding area showing the locations of rock avalanche headscarps. Note: the IFSAR-derived DEM was
acquired in 2012 and the deposit of RA 159 is apparent in the hillshade.
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station in southern Alaska.

The presence of rock avalanche debris (with a thickness of
at least 10 cm) on glaciers insulates underlying surfaces and
can reduce ice ablation by between 25 and 100% (Jiskoot,
2011; Reznichenko et al.,, 2011; Bessette-Kirton et al., 2018).
Conversely, the presence of a dust layer or very thin deposits
(<2 cm), can increase the rate of ice ablation (Jiskoot, 2011).
Rock avalanche deposits can also cause changes in glacier
velocities (e.g., McSaveney, 1975; Shugar et al, 2012) and
glacial surges have been observed following rock avalanche
emplacement (Tarr and Martin, 1912; Deline, 2009). The
interactions between rock avalanche debris and glacier dynamics
depend in part on the location of deposition with respect to the
accumulation and ablation zones of the glacier (Hewitt et al.,
2011). Rock avalanches that are deposited in the accumulation
zone may be covered by snow and substantially reworked before
appearing in the ablation zone (Uhlmann et al., 2013; Dunning
et al., 2015), while rock avalanches that are deposited directly

on, or travel far enough to reach the ablation zone, more
commonly remain visible on the glacier surface for multiple years
(Uhlmann et al., 2013).

In the St. Elias study area, all of the rock avalanches in
our inventory, with the exception of the Taan Fiord landslide,
were emplaced entirely on ice and did not travel beyond
glacial margins. Most rock avalanches were deposited on
glacier accumulation zones and were subsumed within a
year or less. A few large rock avalanches (e.g., Figure 7)
were deposited in ablation zones and could be traced
moving down glacier for several to tens of years. The
recognition of a large number of rock avalanches that were
deposited predominantly in glacier accumulation zones and
were rapidly covered by snow and reworked by glaciers,
contrasts to many past studies which were able to trace rock
avalanche deposits for years to decades after occurrence
(Jiskoot, 2011; Shugar et al, 2012; Uhlmann etal., 2013;
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Dufresne et al., 2019). This finding highlights the possibility
that numerous rock avalanches in glaciated areas may
go undetected without systematic examination of repeat
satellite imagery. Furthermore, there may be additional, largely
unquantified contributions to glacier sediment flux from the
incorporation of rock avalanche deposits in glacier accumulation
zones, that cannot be traced at the surface, but which
influence glacier movement and composition (Deline, 2009;
Dunning et al., 2015).

While it is not possible to directly quantify the sediment flux
of rock avalanches that disappeared in accumulation zones and
may have reappeared at a later time in glacier ablation zones, we
can estimate rock slope erosion rates based on the magnitude and
frequency of mapped landslides and an estimated deposit area
and thickness. In accordance with similar calculations made for
rock avalanches deposited on glaciers in the Chugach Mountains
of southeast Alaska (Uhlmann et al., 2013), we used an estimated
deposit thickness of 2-3 m for rock avalanches in the St. Elias
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study area. Additionally, since our inventory mapping quantifies
total (source and deposit) rock avalanche areas, we estimated
rock avalanche deposit areas as 80% of total rock avalanche
areas. For a conservative estimate, we calculated average annual
erosion rates using the entire 3700 km? study area instead of
using only the area of landslide-prone slopes, as was done by
Uhlmann et al. (2013). The average rock erosion rate in the St.
Elias study area ranged from 0.7 to 1.0 mm/year, which was,
on average ~20% higher than similarly calculated rates of 0.5-
0.8 mm/year for GBNPP (rock avalanche data from Coe et al.,
2018 and Supplementary Table S5) and reported rates of 0.5-
0.7 mm/year (Arsenault and Meigs, 2005; Uhlmann et al., 2013)
for the Chugach Mountains.

Sediment yields from tidewater glaciers in southern Alaska
are among some of the highest worldwide (Koppes and Hallet,
2006). Basin-wide sediment yields for the Seward Malaspina
glacier system ranged between 5 and 10 mm/year (Jaeger et al,,
1998; Sheaf et al,, 2003), with localized erosion rates of up
to 20 mm/year in high flow velocity areas of Seward Glacier
(Headley et al., 2012). At Tyndall Glacier at the head of Taan
Fiord, basin-wide erosion rates between 1961 and 2014 were
estimated at 26 &= 5 mm/yr, (Williams and Koppes, 2019). Rock
slope erosion rates due to rock avalanches in the St. Elias study
area are about an order of magnitude lower than estimated
rates of total sediment production (glacial erosion plus rock
avalanche debris), a finding that is similar to that from the
Chugach Mountains (Uhlmann et al., 2013). Nonetheless, the
sediment yield from rock avalanche debris is not insignificant
and could account for up to 20% of basin-wide sediment flux.
Furthermore, the role of incorporated rock avalanche debris
is important for an overall understanding of glacier dynamics
and mass balance (e.g., Deline, 2009; Reznichenko et al., 2011;

Dunning et al., 2015; Tielidze et al., 2020), which are important
considerations for the response of glaciers to climate changes
(Larsen et al., 2007; Burgess et al., 2013) and the role of meltwater
in sea level rise, particularly in places like the Gulf of Alaska
(Berthier et al., 2010).

Rock Avalanche Mechanisms

Rapid deglaciation and isostatic rebound following the Little
Ice Age (Muskett et al., 2003; Larsen et al., 2004; Hewitt et al,,
2011), in addition to rapid tectonic uplift, exhumation, and glacial
erosion (Elliott et al., 2010; Pavlis et al., 2012) have predisposed
many of the steep slopes composed of weak lithologic materials
in the St. Elias Mountains to failure. The Taan Fiord landslide
has been attributed to debutressing due to rapid ice loss at the
outlet of the Tyndall Glacier (Higman et al., 2018). While this
mechanism may be prevalent in coastal areas that are presently
devoid of ice (Meigs and Sauber, 2000; Koppes and Hallet, 2006),
our inventory highlights the ubiquity of rock-slope failures on
inland, glaciated slopes. Only 2 of 220 landslides in our inventory
(RA 161 and RA 188) occurred in ice-free areas along the coast,
prompting further evaluation of the processes that condition
landslides from higher-elevation glaciated slopes throughout the
remainder of the study area.

Glacial thinning within the study area has been predominantly
observed at low elevations in glacier ablation zones (Arendt
et al., 2002; Muskett et al., 2003). In addition, the high surface
velocities (up to 5 m/day) measured on glaciers within the
St. Elias study area (Headley et al., 2012; Burgess et al., 2013;
Waechter et al., 2015) have been partially attributed to large
accumulation rates from the high elevation basins that feed
glaciers (Burgess et al.,, 2013). Thus, the fact that the majority
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of the rock avalanches in our inventory initiated from bedrock
ridges in probable permafrost zones (Figure 5B) and traveled
onto glacial accumulation zones, suggests that ice loss due to
permafrost degradation, as opposed to glacial thinning, could
be a dominant factor contributing to rock-slope failures in the
high elevation areas of the St. Elias Mountains. Previous work on
permafrost degradation and its influence on rock-slope stability
indicates that the advection of heat via the movement of water
in fractures can promote the thawing of ice, which leads to an
increase in effective stress, a reduction in rock-mass strength,
and the destabilization of rock masses (e.g., Gruber and Haeberl,
2007; Noetzli and Gruber, 2009; Fischer et al., 2010; Hasler et al,,
2011). We acknowledge that our results could be biased by a
possible lack of detection of rock avalanches in areas where
glacier thinning and retreat were taking place (because they were
less likely to have traveled over ice at, and downslope from,
glacier termini). However, even if this were the case, the large
number of rock avalanches that initiated from bedrock ridges in
glacier accumulation areas suggests that the likely influence of
permafrost degradation cannot be ignored.

Additional clues to processes controlling rock avalanche
occurrence in southern Alaska can be found in the similarities
between results from the St. Elias and GBNPP study areas. The
primary similarity is that both sites had temporal clusters of
exceptional rock avalanche activity during multi-year periods
of above normal temperatures (2013-2016), with much of the
temperature anomaly associated with the prevalence of above
normal winter temperatures. These data suggest that warmer
than normal winter temperatures are an antecedent condition
needed to promote the initiation of exceptional rock avalanche
activity later in the spring and summer. These antecedent
conditions likely weaken rock masses and make them more
susceptible to failure when air temperatures exceed freezing.
A notable difference between rock avalanches in the St. Elias
and GBNPP study areas during the period between 1984 and
2019 is the prevalence of spatial rock avalanche clusters in
the St. Elias area. Disparities in lithology and tectonic setting,
as previously discussed, likely contribute to the difference in
overall rock avalanche activity in addition to the commonality
of repeated failures in the St. Elias area. However, field work,
localized climate data, and in situ monitoring, would help gain
a better understanding of spatial clusters and the conditioning
processes influencing rock avalanches in the St. Elias Mountains.

CONCLUSION

We mapped and analyzed 220 rock avalanches that occurred from
1984 through 2019 in a 3700 km? area of the tectonically active St.
Elias Mountains of southern Alaska. During the 36-year period
of record, the frequency of large rock avalanches (>1 km?) in
the study area was 2.3 rock avalanches/year/10,000 km?, which
is more than 1000 times larger than rates for similarly sized
(>1 km?) rock avalanches documented by Hungr and Evans
(2004) in Europe, New Zealand, and Canada. We observed a
distinct temporal cluster of 41 rock avalanches from 2013 through

2016. This temporal cluster occurred during a period of above
average air temperatures (including the three warmest years on
record in Alaska, 2014-2016), and corresponds to a temporal
cluster of rock avalanches during a similar period (2012-2016)
in an area of Glacier Bay National Park and Preserve (about
220 km to the southeast). The majority of rock avalanches
in the St. Elias inventory occurred from high-elevation inland
terrain, highlighting permafrost degradation as opposed to glacial
thinning as a dominant driving factor for the majority of
failures in this area. Our work suggests that the area-normalized
rate of non-coseismic rock avalanches was at least 2x greater
than that of earthquake-triggered rock avalanches in southern
Alaska from 1964 to 2019. Additionally, all available evidence
indicates that frequencies of non-coseismic rock avalanches will
continue to increase as climates continue to warm in the future.
While the St. Elias study area is remote, events such as the
Taan Fiord landslide and tsunami underscore the importance of
understanding the processes that control changes in landslide
frequency and magnitude in cryospheric mountainous terrain.
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