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Abstract The relationship between rock-slope failure and glacier
retreat is complex, and paraglacial failures often lack clearly iden-
tified triggers. To better understand the role of glacier retreat in
rock-slope failures, we analysed the processes that led to the Octo-
ber 1967 Grewingk landslide in Kachemak Bay State Park on the
Kenai Peninsula, Southcentral Alaska. The rock material collapsed
onto the glacier toe and into its pro-glacial lake and produced a
tsunami wave that swept the outwash plain. On the day of the fail-
ure, rainfall and snowmelt were well within normal ranges, and
seismic records show no significant shaking. Three years prior to
the 1967 failure, the slope withstood the second largest earthquake
ever recorded (Great Alaskan earthquake, My, 9.2). We reassessed
the volume of the failure by differencing pre- and post-digital ter-
rain models and found a value of 20-24 X 10® m3, which is four times
smaller than a previous estimate. The back analysis of the Grewingk
landslide is based on remote sensing data and field measurements
including aerial satellite image analysis, detailed surveying and
understanding of the structural geology, a kinematic analysis, and
runout modelling. Our research provides an example of a major
paraglacial failure that lacks an obvious trigger and points to sev-
eral geological factors and changing environmental conditions that
likely promote such failures. This study further indicates that the
Grewingk landslide, pre-conditioned by the geometry of faults and
joints, may have reached a critical stability state due to internal
processes and the potential combined effects of seismic activity
and glacier retreat prior to the collapse.

Keywords Landslide - Glacier - Earthquake - Progressive failure -
Runout analysis - Alaska

Introduction

Rock-slope failures are common phenomena in glacial and parag-
lacial environments. In the last decade, glacier retreat and landslide
occurrence has become a prominent research topic, in particular the
spatio-temporal relationships between glacier thinning and retreat
and rock-slope collapse (e.g. Evans and Clague 1994; Oppikofer et al.
2008; Huggel et al. 2012; Kos et al. 2016; Coe et al. 2018; Higman et al.
2018; Rechberger et al. 2021). Paraglacial slope failures are defined
as failures affected by the transitional conditions between glacial
and non-glacial conditions (McColl 2012); “paraglacial” specifically
refers to “non-glacial processes that are directly conditioned by gla-
ciation” (Church and Ryder 1972; cf. Slaymaker 2009). Recent stud-
ies of large deep-seated landslides have documented a correlation
between glacier retreat and the acceleration of landslides, highlight-
ing both the stabilizing function of the glacier on the slope flank
and a notable delay of up to several years in landslide response after
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glacier retreat (e.g. Kos et al. 2016; Dai et al. 2020; Storni et al. 2020;
Lacroix et al. 2022). The combined impact of debuttressing and cli-
matic factors can also affect the stability of slopes, as demonstrated
by Huggel et al. (2012). Furthermore, investigations by Gramiger
et al. (2017) have emphasized the importance of ice-loading history
in understanding landslide dynamics. The role of ice-thaw in frac-
tures has also been recognized as a contributing factor to landslide
stability, as highlighted by Hilger et al. (2021). Hence, the interac-
tion between debuttressing, climatic forcings, ice loading, and thaw-
ing of ice within fractures can affect the overall stability of slopes.
Additionally, as discussed by Chiarle et al. (2021), the increase in
pore water pressure resulting from ice melting in fractures at depth
has been identified as an additional factor in slope degradation.
Retreating glaciers prepare (e.g. erosion, change in slope hydrology
and geometry, fracture development) and can trigger (e.g. debut-
tressing, fracture daylighting) rock slope instability (e.g. Ballantyne
et al. 2014; Holm et al. 2004; Kos et al. 2016; McColl 2012; McColl and
Draebing 2019). Here, the term “trigger” refers to the final action that
initiates failure of a marginally stable slope. In the slope-stability
strength-degradation process, cumulative factors acting as precon-
ditioning elements over time are crucial and may lead to a critical
stability state (Stock et al. 2012; Collins and Stock 2016). The term
“progressive” refers to time-dependent factors that reduce rock
slope stability and may lead to failure (Terzaghi 1950; Stock et al.
2012). While glacier retreat is the most prominent factor in parag-
lacial slope failure, slopes formerly covered by a glacier and subject
to glacial erosion show a range of different failure mechanisms and
timing (Ballantyne 2002; Spreafico et al. 2021), and many of these
rock-slope failures still lack identified, specific triggers.

To better understand the spatio-temporal (and causative)
relationship of glacier retreat and other cumulative processes
on slope stability, we studied the 1967 landslide at the retreating
Grewingk Glacier in Kachemak Bay State Park, southcentral
Alaska. Alaskan glaciers, like most glaciers worldwide, are
experiencing rapid and increasing mass loss (Hugonnet et al.
2021), an effect that is enhanced in lake-terminating glaciers
compared to those terminating on land (Brun et al. 2019; Tsutaki
et al. 2019; Yang et al. 2020; Zhang et al. 2023). In addition, where
deep lakes (or fjords) lie below these slopes, rock-slope failures
can trigger tsunamis that release destructive energy over a larger
area, with larger potential impact on humans, infrastructure or
wildlife (e.g. Lituya Bay in 1958: Miller 1960; Grewingk Lake
1967: Wiles and Calkin 1992; Taan Fiord in 2015: Higman et al.
2018). Nearly all Alaskan glaciers show an increased rate of
mass loss over the past few decades of accelerated warming
(Arendt et al. 2002; Larsen et al. 2015), and there is evidence of
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an increase in frequency and size of rock-slope failures in, e.g.
Glacier Bay National Park and Preserve, southeast Alaska (Coe
et al. 2018). Recent paraglacial rock-slope failures in Alaska
include Grewingk Glacier (1967; Wiles and Calkin 1992), Taan
Fiord (2015; Higman et al. 2018) and Lamplugh Glacier (2016;
Dufresne et al. 2019, and a failure at the same site in 2022; Petley
2022). Wiles and Calkin (1992) have studied the impact of the
1967 Grewingk landslide and its tsunami wave, but did not focus
on the slope failure and the factors contributing to the landslide
at this place and time. The 1967 slope failure at Grewingk Glacier
is an opportunity to investigate the direct influence of glacier
retreat on slope destabilization and explore other contributing
factors. The rapid and accelerating retreat of the glacier since
its Little Ice Age maximum extent in the mid-1800s and a
hitherto unknown trigger for its failure makes the area ideal
for studying paraglacial slope processes. Through the in-depth
analysis of this specific case study, we aim to contribute to a more
profound understanding of the direct (or indirect) influence of
glacier retreat on slope stability and other slope destabilization
processes. To achieve this, we (i) reviewed the estimated volume,
(ii) analysed the failure conditions (e.g. geological structures,
seismicity, and rainfall), and (iii) investigated the failure
sequence by back-analysing the slope failure based on detailed
field measurements, a wealth of aerial and satellite images,
structural mapping, kinematic analysis, and runout modelling.

Bay

Overview of the study area

The 1967 Grewingk Landslide

The study site (lat: 59.5929° long: —151.1153°) is situated in Kachemak
Bay State Park on the Kenai Peninsula, Southcentral Alaska (Fig. 1).
The landslide originated from the north-facing slope of Alpine
Ridge, directly above the Grewingk proglacial lake. The 1967
landslide scarp is situated above the lake and has a width of 750 m
and spans 600 m of elevation. The Grewingk landslide occurred
during the early morning of October 14, 1967 (Anchorage Daily
times 1967a, b; The Homer News 1967). The rock mass collapsed
into the lake and partly onto the glacier toe. The part that collapsed
into the lake produced a tsunami wave that stripped trees from
the hillside up to an elevation of 60 m above lake-level and surged
through the valley, moving boulders and stranding icebergs
(Wiles and Calkin 1992). The event did not cause any casualties;
however, the area that was inundated is now traversed by several
popular hiking trails and includes a developed campsite. Today, the
landslide deposit is mostly submerged in the lake, except for one
larger hummock forming an island and a second hummock that
barely protrudes from the lake; the deposit on the glacier’s toe took
over 39 years to completely disappear (Fig. 11). An obvious trigger
of this collapse was not identified, and, based on the morphology of
the 1967 landslide scarp, the precise failure sequence of the slope is
unknown and may have included multiple distinct failures.
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Fig.1 a Map of the Grewingk area including the 1967 landslide scarp and the location of the site in Alaska. The black rectangle shows the
locations of b and c. b 3D reconstruction and representation of the Grewingk Glacier in 1967 with the landslide deposit (point cloud based on
data from Corax lIn). ¢ Photography from 16 October 1967 of the landslide scar (Post 1967)
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Geological and tectonic context

The Kenai Peninsula is crossed by the Border Range fault that
separates the fore-arc of Cook Inlet basin in the west and the
Chugach terrane accretionary complex in the east (Mankhemthong
et al. 2013). The mountains surrounding the 1967 landslide at
Grewingk Lake are a classic example of an accretionary wedge, built
of highly faulted greywacke crisscrossed by rhyolite dikes (Bradley
et al. 1999). The source of the 1967 landslide is located within the
McHugh Complex (Fig. 2). It is part of the Chugach accretionary
complex, which was mainly built by accretion and underplating
processes during subduction along the southern margin of Alaska
from the mid-Mesozoic to the Cenozoic (Nokleberg et al. 1989;
Plafker et al. 1989; Braden and Behr 2021). The McHugh Complex
(KPm) is composed of Triassic to Cretaceous meso-scale deformed
tectonic assemblages that include basalt, gabbro, argillite, tuff,
greywacke, chert, conglomerate, minor tectonic blocks of limestone
and occasionally ultramafic rocks (Bradley et al. 1999; Kusky et al.
2013; Wilson et al. 2015). The predominant lithology within the
landslide area is characterized by greywacke. Within the landslide
scarp and adjacent slopes, highly fractured rocks and dykes are
visible. The surrounding area includes the other packages of the
McHugh Complex, KPms and KPmc, that Bradley et al. (1999)
locally subdivided and corresponds, respectively, to massive
greywacke and conglomerate delimited by faults and to massive
basalt covered by chert deposits. Ultramafic plutonic rocks (Tg)
and Gabbro (Mg) from the Mesozoic are present.

A series of NE-SW striking thrust faults crosses Alpine Ridge
(Fig. 2). In the frame of this study, the fault systems on Alpine Ridge

were identified based on field investigations and geomorphological
mapping on DTM. Beyond the area of the landslide scarp, a series
of faults can be observed with roughly two main trends: NE-SW
and W-E. Some of these faults appear to cross the 1967 landslide
scarp, and some have a strike sub-parallel to the scarp. The latter
are significant due to their control as (lateral) release planes of the
1967 landslide.

On the top of Alpine Ridge, about 200 m from the landslide
scarp, a water pond is visible on aerial photos. The pond is crossed
by several faults and has been drained between 1985 and 1996,
suggesting an increased permeability of the faults and continued
adjustments in the slope after the failure.

Seismic context

The Kenai Peninsula is located along the Aleutian-Alaska
subduction zone and is affected by large earthquakes
(magnitude > 8) that occur on the Alaska megathrust (Li et al.
2013). In 2021, more than 178 earthquakes with a magnitude of
2.5 or greater took place, and between 2011 and 2021, about 180
earthquakes with a magnitude>4 occurred (U.S. Geological
Survey 2022). Three years prior to the Grewingk landslide,
on 27 March 1964, the largest earthquake in North American
history and the second largest worldwide ever recorded (M,
9.2) occurred in Prince William Sound. It triggered thousands
of snow avalanches and landslides within the Kenai Mountains,
the Chugach Mountains, and Prince William Sound (Grantz et al.
1964) and caused tsunamis with run-up heights of up to 67 m
along the Chugach coast (Stover and Coffman 1993). Grewingk
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Fig.2 Geological map of the Grewingk Lake and Glacier area (modified after Bradley et al. (1999) and Wilson et al. (2015)); mapped faults are
based on field observation from this study and geomorphological features, and thrust faults based on Bradley et al. (1999) and Wilson et al.
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Glacier and Lake was located directly over the rupture zone of
this earthquake (Haeussler et al. 2015) and about 260 km away
from the epicentre. The Modified Mercalli Intensity (MMI) at the
location of the landslide is estimated to be of 7.1 (U.S. Geological
Survey 2020). Homer, located 20 km from Grewingk, was among
the areas impacted by slope failures, predominantly slumping or
subsidence in unconsolidated sediments (Grantz et al. 1964). Other
recorded earthquakes prior to the 1967 landslide at Grewingk
Glacier and Lake occurred in November 1959 (M 6.1) at ~18 km
distance, September 1961 (M 6) at ~ 25 km and August 1967 (M 5.3)
at~ 35 km (U.S. Geological Survey 2022). On the aerial photo from
1964, a fresh landslide deposit at the toe of the slope is evident. The
photo was taken 2 months after the Great Alaskan earthquake. It is
hence plausible that the earthquake triggered this relatively small
collapse (<1x10° m?) (Fig. 11a), indicating a significant impact on
slope stability.

Grewingk Glacier history

The Kenai Peninsula is covered by ~3900 km? of glaciers, which
correspond to 5% of the total Alaskan glacier area (Yang et al. 2022).
Grewingk Glacier trends WNW from the Kenai Mountains to its
terminus in its proglacial lake. The retreat of the glacier from its
late Pleistocene positions might have started as early as 10,500 years
BP (Wiles and Calkin 1992). The area has been the site of at least
two large late-Holocene glacial expansions beyond the 1992 mar-
gins, the first being from around 1400 years BP and the second
during the Little Ice Age advance (Wiles and Calkin 1992). These
advances and retreats shaped the lower valley walls with glacial-
morphological features such as the lateral moraine, which once
stood to roughly 120 m above the current proglacial lake (Wiles
and Calkin 1992).

As with most glaciers in Alaska, Grewingk Glacier is currently
retreating. Grewingk Glacier started to retreat in 1850 (Wiles and
Calkin 1992). A detailed description and a sketch made by W.H
Dall and Gilbert (Gilbert 1904) show that by 1900, the glacier had
uncovered the lake basin and started being a lake-terminating glacier.
Calving accelerated the retreat of the glacier and the lake expanded
rapidly. Today, the lake includes many areas of more than 100 m depth.
Like many of the glaciers on the Kenai Peninsula (Hall et al. 2005;
VanLooy et al. 2006), Grewingk Glacier is undergoing rapid retreat
and is retreating faster than the surrounding land-terminating
glaciers (e.g. Portlock Glacier, Dixion Glacier, and Wosnesenski
Glacier). Between 1899 and 1952, Grewingk Glacier retreated by
0.7 km (Fig. 3). By 1964, it had reached the middle of the later landslide
failure area and by 1967 the glacier retreated another ~ 100 m (Fig. 3).
The retreat of the Grewingk Glacier has led to an increase in the size
and depth of the lake, exposing more of the valley walls.

Weather and climate condition

The Pacific Ocean moderates the climate in Grewingk area,
which is characterised as cold-temperate with cool summers
and winters that are freezing and snowy. On average, monthly
temperatures range from— 6 °C in January to 16 °C in July
(Cedar Lake Ventures Inc 2022). As with other high-latitude
locations, Alaska, including the Kenai Peninsula, is warming
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Fig.3 a Sketch of a profile through the 1967 scarp showing the
relationship between glacier thinning and daylighting of the sliding
plane/the toe of the landslide mass. The profile is derived from the
1954 DEM from Berthier et al. (2010) and 2019 Lidar (DGGS) b Grew-
ingk Glacier retreat evolution through time. ¢ Cumulative retreat dis-
tance of Grewingk Glacier

nearly four-times the rate as the rest of the globe (Rantanen
et al. 2022). From 1951 to 2001, average annual temperatures in
Alaska increased by 1.7 °C, with an overall warming rate of 0.16
to 0.37 °C per decade (converted from Alaska Climate Research
Center 2020). Permafrost distribution models in Alaska (e.g.
Ferrians 1965; Brown et al. 1997; Jorgenson et al. 2008; Pastick et al.
2015) indicate the absence of permafrost in the study area. This
absence is likely attributed to the generally moderate mean annual
air temperature of the region, which hovers above 1°C (Ferrians 1965).

For our study area, total precipitation data is available from the
European Centre for Medium-Range Weather Forecasts’s (ECMWF)
Reanalysis v5 (ERA5) on a monthly and daily basis (Figs. 4 and
5). The ERA5 data estimates hourly a wide range of atmospheric,
land and oceanic climate variables with a spatial resolution of 0.25°
latitude by 0.25° longitude. We analysed their data from year 1950
to year 2021. The monthly results (Fig. 4) show that the 2 months
preceding the 1967 Grewingk landslide were the rainiest months
of all years: August 1967 with 315 mm and September 1967 with a
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Fig.4 Total precipitation (mm) graphs of August, September and
October from 1950 to 2021

total precipitation of about 381 mm. In all the years analysed, only
2012 exceeds these values for September. October 1967, the month of
the event, recorded ~ 114 mm. Compared to the average of 1999 mm
from 1950 to 2021, this is a low value. There was no heavy rainfall
on the day of the landslide nor during the entire month of October
1967 (Fig. 5).

Data collection

To reconstruct the deformation history of the slope and the changes
of Grewingk Glacier, we analysed available imagery and topo-
graphic data that go back to the 1950s (Table 1). The photographs
were stacked and georeferenced with control points based on a geo-
referenced raster of the area and in combination with a second-
order polynomial transformation to shift and warp the dataset to
its correct location.

An extensive collection of pictures of the landslide scarp and
its surrounding were collected in 2018 using a camera (Canon EFS
24 mm on a Canon EOS Rebel SL2) from low-elevation plane and
in 2021 using an unmanned aerial vehicle (UAV), DJI Phantom 4.
In addition, we collected aerial photos on Alpine Ridge in Septem-
ber 2021 using a DJI Mavic Pro drone. High-resolution topographic
data of the landslide and surrounding slopes were produced by
photogrammetric analyses using structure-from-motion (SfM). A
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dense point cloud was created for each of these surveys using the
SfM software Agisoft Metashape. A 16-cm resolution DEM, georef-
erenced with ground control points, was produced from the drone
imagery. The imagery dataset from 2018 and the dataset from Sep-
tember 2021 (data from Corax lIn) were georeferenced based on the
camera position using GPS. The 2019 photogrammetry survey was
conducted by Mark Laker of the US Fish and Wildlife Service, Kenai
National Wildlife Refuge. These data will later be used to collect
structural measurements in areas not accessible by foot.

Grewingk Lake bathymetry was collected in 2019 primarily
using a Lawrence single-beam depth sounder mounted to a small
raft paddled in transects within the lake by Ed Berg of the Uni-
versity of Alaska Anchorage. This dataset, combined with isolated
point plumb-line measurements and the lake shore, was interpo-
lated using a TIN to produce a bathymetric DEM with a pixel reso-
lution of 5 m and was used for the run-out modelling.

Results

Structural and kinematic analyses

Rock mass characterisation and structural mapping were carried
out using both field observations and remote sensing methods to
identify dominant structures affecting slope stability. In total, 546
structural measurements were collected on Alpine Ridge in the
summer of 2021 using conventional structural mapping. Besides
that, additional 130 measurements were made in a photogramme-
try point cloud generated from drone photos using CloudCom-
pare software (CloudCompare 2021). These remote measurements
were used in inaccessible steep areas (such as on the steep slope
along the ridge, and within the landslide body and scarp), and
they show joint-set orientations that are consistent with trends
obtained from field measurements (Fig. 6). Stereographic projec-
tion analysis was performed, wherein discontinuities were plot-
ted on equal-area stereonets (lower hemisphere) with pole-to-
plane Schmidt density contours to identify orientation patterns
and main fracture sets.

Structural mapping in the landslide scarp area shows five dis-
continuity sets (Fig. 6) following essentially two trends: N-S and
E-W.J1 has an average dip direction of 10° and dips to the north
at 60-80°. The J2 joint set displays an average dip direction of
295° and dips west between 40 and 70°.J3 has an average dip
direction of 100° and a dip angle ranging from 4o to 70° towards
the east. J4 and J5 are sub-vertical joint sets exhibiting an average
dip direction of, respectively, 27° and 165° with a dip angle from
80 to 90° towards the northeast and south. The two main trends
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Fig.5 Daily total precipitation (mm) graphs in August, September and October 1967
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Table 1 Database imagery for Grewingk Glacier and Lake

Dataset/source Year(s) Data type/method Resolution(m)
Gilbert sketch 1899 Oblique artist drawing n/a
USGS section map 1951 Manual photogrammetry ~100
USGS photos 1951 Near-nadir imagery, high-altitude b/w aerial photography ~20
1952 ~15
1964 ~5
Austin Post 1967 Photographs n/a
USGS quad map 1970 Manual photogrammetry ~200
AHAP photos 1985 Near-nadir imagery, high-altitude false-colour infrared photography ~5
Landsat 1972-2022 Multispectral satellite imagery 30
USGS ortho quad 1996 Aerial ortho-photos 1
Bathymetry 2017 Elevation Variable
Airphoto SfM 2018 Photogrammetry on handheld DSLR, low-elevation plane 0.13
Airphoto SfM 2019 Near-nadir photos from low-elevation plane 0.34
DGGS Lidar 2019 Lidar from low-elevation plane 0.5
DGGS Lidar 2021 Lidar 1
Airphoto SfM 2021 Drone images 0.16

of the faults (NE-SW and W-E) have similar orientation to J2,]J3
(NE-SW) and J1,J4 (W-E), respectively.

The kinematic method we used to assess the structural data
considers that the discontinuities are persistent, dry, and cohe-
sionless, and the individual rock blocks are assumed rigid (Wyllie
and Mah 2004). In this analysis, lateral constraints and external
forces on the blocks are not taken into account. We completed a
kinematic sensitivity analysis for planar sliding, flexural toppling,
and wedge failure. For the planar sliding, we assumed lateral limits
deviating between 20 to 30° from the slope dip direction (Wyllie
and Mah 2004). For the flexural toppling analysis, we set the lateral
extents of the critical zone at 20-30° deviation from the slope dip

El
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direction (Goodman 1989). For wedge sliding, failure is possible if
the intersection of two joint planes dip at an angle lower than the
slope angle and greater than the friction angle (Markland 1972). No
direct measurement was carried out on shear strength of the dis-
continuities, but it was concluded that a friction angle in the range
of 25-30° would be a reasonable value for kinematic analysis (Wyl-
lie and Norrish 1996). Planar sliding, flexural toppling, and wedge
sliding were analysed for an overall slope orientation of 000/55°. For
the sensitivity analysis, dip directions between 355 and 15°, and dip
angles between 45 and 65° of the slope were assumed. The analysis
for the planar failure (Fig. 7a) shows that the joint set J1 would be
the main candidate for the failure plane. The analysis for flexural

[b]

Remote data set

Legend:
o Remote data

Density concentrations

Fig.6 Structural analysis based on stereonets with equal area including a all measurements and b measurements taken remotely using UAV.

The great circles represent the two main fault families (F1 and F2)
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1967 landslide scarp

Fig. 7 Kinematic analysis of a planar sliding, b flexural toppling and ¢
wedge failure. d Picture of Alpine Ridge at about 1 km east from the
1967 landslide. e Picture facing the 1967 landslide scarp. f View on
the point cloud (from Corax lIn) on Alpine Ridge at about 1 km east
from the 1967 landslide scarp. g Picture on Alpine Ridge at about
1.5 km east from the scarp

toppling (Fig. 7b) shows that J4 and J5 are critical. The wedge failure
analysis (Fig. 7c¢) shows the highest percentage of critical joints
occurring along the intersections of discontinuities; here, J1 with
J2 and J1 with J3 are critical.

Single versus multiple failure mass(es)

We reassessed the volume of the failure of the 1967 landslide based
on the difference between the 1954 Digital Elevation Model (DEM)
interpolated from the 1954 USGS topographic map (Berthier et al.
2010) and the Lidar collected in 2019 (DGGS, cf. Table 1) (Fig. 12).
The calculations were carried out using the software CloudCom-
pare. We, first, performed a fine registration of the two DEMs to
ensure accurate alignment. Then, we cropped the DEMs to focus
exclusively on the landslide area. Finally, we determined the vol-
ume difference between the two DEMs. The total volume released
during this event was recalculated to be approximately 22 x 10° m?
(with an uncertainty of + 2 x 10® m?), which contrasts with the initial
estimation of 84 x 10° m? provided by Wiles and Calkin (1992). The

uncertainty in estimation arises from the diverse methods used to
calculate the complex 3D volume.

Prior to the 1967 slope failure, the crest of Alpine Ridge showed
signs of a deep-seated instability, including a well-developed main
scarp and a series of scarps and cracks (Figs. 8 and 13). An aerial
photo from August 1952 shows a scarp near the base of the slope
(Fig. 8a, d). In the mid-slope, a crack had developed and was fol-
lowed by a slope collapse on the image of March 1964 (Fig. 8b, e).
Its deposit covered the base of the slope and the toe of the glacier.
On the crest of the slope, the tension crack that released a part of
the mass that collapsed in 1967 is noticeable on images from 1952
onwards (Fig. 8). Other tension cracks visible on the 1952 image are
still visible on recent aerial photos.

After the analysis of the morphology of the 1967 landslide scarp,
we considered two different scenarios: the first (A) assumes that the
collapse occurred in a single mass of about 22.5x 10° m? and the
second (B) that the mass failed in two phases (Fig. 9). For scenario
B, the first phase is the collapse of the western part of the slope with
a volume of ~ 8.7 x 10° m3. Because of kinematic constraints, this
first phase is considered as the key element to enable the release of
the rock mass in the east part corresponding to the second phase
of the failure with a volume of around 11.6 X 10° m3. Both assumed
scenarios are kinematically possible.

Runout modelling

Runout modelling using DAN3D (cf. McDougall and Hungr 2004)
was carried out to assess the two scenarios based on the runout dis-
tance and deposit spatial distribution. The pre-failure topography
of scenario (A) is based on the 1954 Digital Elevation Model from
Berthier et al. (2010) with a pixel resolution of 40 m, whereas the
post-failure topography is based on the 2019 Lidar (DGGS). The
2019 Lidar was downsampled to match the resolution of the 1954
DEM of 40 m. The Lidar was modified to represent the glacier at its
location in 1967 and the reconstructed pre-failure lake bathymetry
based on 2019 bathymetry. For scenario (B), we created two runout
models. In the first one, the same initial conditions are used as in
scenario (A), except that the failure mass is a smaller wedge failure
on the western part of the scarp. For the second mass in scenario
(B), the pre-failure topography corresponds to the 1954 DEM minus
the first mass that collapsed, and the post-failure topography is the
resulting topography of the runout model of the first mass.

A frictional rheology was assumed which required the unit weight,
a friction angle, a pore-pressure coefficient and an internal friction
angle as input (Table 2). The selection of the initial material proper-
ties for the Grewingk landslide was based on literature review from
published data on similar sites (Sosio et al. 2008; Si et al. 2017; Penna
et al. 2017) and fine-tuned to reproduce the runout distance and lat-
eral spreading of the rock mass (following methods in Claude et al.
2014; Sosio et al. 2012). To consider potential pore-pressure effects,
the coefficient Ru was assumed o for dry conditions and o.2 for wet
conditions. The latter assumption is based on our sensitivity analysis.
The pore pressure (Ru) is an essential parameter affecting runout
distances (e.g. Penna et al. 2017). As the saturation of the materials
increases, the propagation distance also increases.

In both scenarios A and B, the rock mass collapsed into the
lake and partly ran out over the toe of the glacier at about the
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same distance up to 500 m. For scenario (A), we estimated the
deposit volume over the glacier toe at about 3 X 10° m?. The results
for scenario (B) show that both masses from the eastern and
western part are propagating into the lake and over the glacier.
However, the mass of the eastern part is the main contributor to
the deposit on the glacier’s toe with a volume of about 2 x 10° m>.
The rock material of the western part has spread on the gla-
cier toe to a distance up to 16 m and with a volume of around
0.5x10° m?. The runout modelling results for the two different
scenarios and the two different conditions, dry and wet, show
similarities (Fig. 10). The results of the DAN3D successfully
reproduce the deposit runout distance and lateral spreading;
hence, both scenario are equally possible based on this.

Discussion

To investigate the relationship between glacier retreat and the 1967
landslide, we analysed the main influencing factors and potential trig-
gers (including structural geology, glacier debuttressing, rainfall,and
seismicity) and their spatio-temporal relationship to thinning, retreat
and dynamics (grounded versus floating) of Grewingk Glacier.

The kinematic analysis together with structural features shows
that the collapse was structurally controlled. The failure mass
was laterally released along the orientation of joint sets J2 and J3.
However, joints do not usually have the persistence to form lateral
release planes on such a scale. Faults are often persistent for much
more than 100 m. Lateral release planes are, therefore, most likely
related to faults with the same orientation of ]2 and J3 that are pre-
sent within the study area (cf. Fig. 7). The exact failure mechanism

T m m

remains unclear because the joint orientations allow a variety of
failure modes. It is likely that the collapse of such a highly fractured
ridge (cf. Fig. 2) occurred not in one simple failure mode, but rather
amore complex failure. By integrating kinematic considerations with
geomorphological features, such as tension cracks, scarps and fault
traces and the scale of the landslide, the lateral extent of the 1967
landslide is most likely determined by persistent faults in a J2 and
J3 orientation. The failure mode, controlled by the various joint sets
with lower persistence, may vary locally depending on variations of
the slope and structure geometries as well as mechanical joint-set
characteristics (e.g. persistence). Several scarps and tension cracks
were visible before the event and some are still present pointing to a
longer-term and ongoing slope adjustment.

Grewingk Glacier has undergone changes and receded rapidly
over the years, influencing the surrounding slopes. Glaciers erode
slope flanks, remove the support on the rock walls, redistribute stress,
deposit debris in form of moraines and uncover persistent geological
structures, all of which can facilitate failure (e.g. Braathen et al. 2004;
Geertsema et al. 2014; Spreafico et al. 2021). Several studies have dem-
onstrated that the response of rock slopes to deglaciation occurs over
a wide range of time-scales up to thousands of years (e.g. Evans and
Clague 1994; Lacroix et al. 2022). When a slope is affected by debut-
tressing, the loss of lateral confinement or support can result in stress
redistribution within the slope mass, exposing the rock mass to vari-
ation in surface temperature and pore pressure (Storni et al. 2020).
Relaxation of internal stresses due to glacier retreat (e.g. Evans and
Clague 1994) may facilitate crack initiation or growth (e.g. Fischer
et al. 2010; Ballantyne et al. 2014), including slope-parallel unloading

Fig.8 Slope, of the 1967 event, evolution through time. a, d Pre-failure Aerial Photo Single Frame from 15.08.1952 (image courtesy of the
U.S. Geological Survey). b, e Pre-failure Aerial Photo Single Frame from 29.08.1964 (image courtesy of the U.S. Geological Survey); the black
rectangle indicates a deposit from a shallower landslide. ¢, f Post-failure orthmosaic 2019 (from M. Laker). For a more detailed view of the fea-

tures, see Fig. 13
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fractures (Nichols 1980; Leith et al. 2014). Grdmiger et al. (2017) inves-
tigated the effect of long-term ice-loading over successive glacial
cycles, extending over thousands of years, on the development of rock
damage within the rock mass. They found that this prolonged ice-
loading plays a crucial role that can lead to a long-term degradation
of the stability. Hence, the relationship between glacier retreat and
rock-slope collapse is not so straightforward. Glacier retreat can act
as either a preparatory factor or a trigger (Gramiger et al. 2017; Storni
et al.2020). Grewingk Glacier started to retreat in 1850; by 1964, it had
reached the middle of the later landslide failure area. In the same year
of the landslide event, in 1967, the glacier retreated another ~100 m
from its 1964 position (Fig. 5). Although this significant retreat of the

glacier prior to the catastrophic failure in 1967 may suggest a direct
relationship between glacier thinning and slope failure, the slope sta-
bility history is more complex, particularly in areas that are affected
by a variety of potential landslide triggers and preparatory factors,
such as high seismic activity.

In mountainous areas, earthquakes can trigger widespread landslides
(Keefer 1984; Gorum et al. 2011; Marc et al. 2015) and decrease rock slope
stability. Keefer (1984) and Rodriguez et al. (1999) showed that the critical
magnitude to trigger landslides is M; =4, and the number of collapses
increases with the earthquake magnitude; the number and distribution
of landslides vary as a function of the distance from the seismic source. A
single earthquake can trigger more than several thousands of landslides

Grewingk Lake

Dry, Ru =0

Pore pressure Coeff. Ru: --- 0.00 — 0.20

. Landslide deposit on the glacier toe

Fig. 10 Results of the DAN3D runout modelling for a scenario A with a pore pressure of 0, b scenario B (first mass) with a pore pressure of 0,
c scenario B (second mass) with a pore pressure of 0, d scenario A with a pore pressure of 0.2, e scenario B (first mass) with a pore pressure of

0.2 and f scenario B (second mass) with a pore pressure of 0.2
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Table 2 Input parameters to DAN3D runout analysis

Unit weight Friction Pore-pressure Internal  Condition
angle coeff. Ru friction
9 angle
Pc
Frictional 25 25° 0 35° Dry
Frictional 25 25° 0.2 35° Wet

over a distance up to several hundred kilometres away from the epicen-
tre (e.g. Havenith et al. 2016; Fan et al. 2018). Moreover, the cumulative
effect of seismicity over time can affect and weaken rock slopes (Moore
et al. 2012; Stead and Wolter 2015; Gischig et al. 2015, 2016). Earthquake-
triggered landslides are not limited to the immediate aftermath of an
earthquake, but can also occur after a considerable lapse of time (Keefer
1984; Bontemps et al. 2020). The mechanisms and occurrence of post-
seismic landslides (e.g. Yang et al. 2017; Brain et al. 2021; Illien et al. 2022)
can be attributed to several factors, including ground shaking, changes in
pore water pressure, groundwater level fluctuation, and the weakening of
slopes due to the redistribution of stresses during the earthquake event
(Brain et al. 2021; Illien et al. 2022). Three years prior to the Grewingk
landslide, the 1964 Great Alaskan earthquake struck Alaska and trig-
gered numerous landslides across the affected region; among these, 75
rock avalanches were documented (Post 1967). In the years following the
1964 earthquake, additional landslides occurred (e.g. Fairweather and
Allen landslides). These landslides share similarities in characteristics to
the rock avalanches that occurred at the time of the 1964 Great Alaskan
earthquake (Post 1967). For example, the Fairweather landslide, which
occurred in the Fairweather Range near Glacier Bay National Park and
Preserve in 1965, is a major event in the region’s landslide history. The
slope of the Grewingk landslide sits directly over the rupture zone of the
1964 Great Alaskan earthquake (Haeussler et al. 2015),and a MMI of 7.1
was estimated for the site (U.S. Geological Survey 2020). Hence, situated
in a seismically highly active area, with four earthquakes>Ms in the
decade preceding the 1967 slope failure, an adverse impact of seismicity
on slope stability cannot be ruled out.

Besides earthquakes, rainfall is one of the most common triggers of
landslides (Iverson 2000; Chen and Lee 2003; Dahal and Hasegawa 2008),
and Rodriguez et al. (1999) argue “that rainfall-induced and earthquake-
induced landslide hazards should be assessed simultaneously”. Rainfall-
induced landslides occur after intense or long rainfalls, depending on the
type of landslide and antecedent slope saturation (Iverson 2000; Chen
and Lee 2003; Balzano et al. 2019). The response of landslides to rain-
fall varies, some slopes collapse suddenly and travel a long distance at
high velocity, while others respond and move slowly (Iverson 2000). The
combined effect of earthquakes and rainfall can impact the kinematic
behaviour of slopes over time (Bontemps et al. 2020). The occurrence
of small earthquakes in addition to precipitation prolongs the critical
regime of the landslide compared to seismic quiescence (Bontemps et al.
2020). At Grewingk, ERA5 reanalysis shows unusually high precipitation
for the 2 months before failure. It is unclear if this precipitation may have
led to unusually high pore-water pressures in the rock mass. Spring level
changes due to precipitation or snow melt of up to 100-200 m in altitude
have been documented for many rock slope instabilities (i.e. Amann
2006; Gischig et al. 2011; Moser et al. 2017) and related to fluid pressure
changes and accelerated (i.e. up to a factor of two) deformations (Moser
et al.2017). Field observations and careful analysis of aerial photos do not
show significant altitude changes of springs at the north exposed slopes
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above Grewingk Lake suggesting no major water pressure changes in the
observable period. This might be associated with an enhanced perme-
ability due to slope deformations and a direct drainage of infiltrating
precipitation. Similar observations have been reported by Amann (2006)
who found at the Sedrun landslide in Switzerland that the water table in
the active rock slope instability is 300-400 m lower than in the adjacent
stable ground, associated with an enhanced permeability due to defor-
mations. This interpretation is also corroborated by the observation of a
water pond along the ridge right above the 1967 landslide scarp that has
been likely drained through slope deformation that opened fractures or
faults and thus an enhanced permeability.

Independent of the final trigger, runout modelling showed that
a single failure mass or two consecutive failures are both possible
scenarios. The latter is more likely from the degree of freedom of
the western part of the rock slope compared to the eastern part.
To further elucidate the sequences of the events, impulse water
wave modelling as well as more detailed bathymetric mapping are
planned. The comparison of the run-up distance of the wave from
a single large mass versus two smaller masses collapsing into the
proglacial lake will help to clarify the failure scenario.

Conclusion

The 1967 landslide at Grewingk Glacier and Lake demonstrates that
there is more to the story of rock-slope failures in paraglacial envi-
ronments than glacier retreat alone. Results from kinematic analysis
and runout modelling show that both a single failure mass and two
consecutive failures are possible scenarios. On the day of the Grew-
ingk event, no specific trigger such as intense rainfall, seismic activ-
ity, or snow melting is evident. Our study shows that the landslide
was conditioned by structural geology with persistent faults laterally
constraining the collapse and by various joint sets with lower persis-
tence controlling the internal failure with different potential failure
modes. A series of earthquakes caused smaller-scale landslides on
the (already unstable) part of the slope that catastrophically failed
in 1967. Therefore, the landslide may have reached a critical stabil-
ity state due to progressive failure prior to 1967, making an analy-
sis of the longer-term spatio-temporal patterns of paraglacial rock
slope behaviour/deformation essential. In particular, since no spe-
cific trigger can be unequivocally identified, our study stresses the
importance to view paraglacial slope failures holistically and expand
research beyond the glacier-retreat slope-failure connection. It is a
contribution to the regional-scale analysis of paraglacial slope sta-
bility where several preparatory factors contributed to a progressive
failure in which internal processes, affected over time by precondi-
tioning characteristics and external processes, led to a decrease in
the stability of the slope and resulted in the 1967 failure.
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Fig. 11 Evolution through time of the landslide deposit on the Grewingk Glacier. a Pre-failure Aerial Photo Single Frame from 29.08.1964
(image courtesy of the U.S. Geological Survey). b Aerial Photo Single Frame from 02.09.1970 (image courtesy of the U.S. Geological Survey).
c Alaska High-Altitude Photography from 27.08.1985 (image courtesy of the AHAP program). d Landsat 4-5 TM C2 from 22.06.1991 (image
courtesy of the U.S. Geological Survey). e Digital Orthophoto Quadrangle from 03.09.1996 (image courtesy of the U.S. Geological Survey). f

Landsat 4-5 TM C2 from 23.05.2006 (image courtesy of the U.S. Geological Survey)
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Fig. 12 Hillshade of the DEMS used for the volume calculation. a Pre-failure topography obtained from the 1954 DEM by Berthier et al. (2010).
b Post-failure topography based on the 2019 Lidar data (DGGS). ¢ Result from the 2.5D volume tool from CloudCompare with the color scale
indicating the hieght above ground
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Fig. 13 Overview of Fig. 8 with additional zooms on features. a Pre-failure Aerial Photo Single Frame from 15.08.1952 (image courtesy of the
U.S. Geological Survey). b Pre-failure Aerial Photo Single Frame from 29.08.1964 (image courtesy of the U.S. Geological Survey); the white rec-
tangle indicates a deposit from a shallower landslide. ¢ Post-failure orthmosaic 2019 (from M. Laker)
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