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ABSTRACT

Atmospheric and oceanic warming over the past century have driven rapid glacier thinning
and retreat, destabilizing hillslopes and increasing the frequency of landslides. The impact of
these landslides on glacier dynamics and resultant secondary landslide hazards are not fully
understood. We investigated how a 262 + 77 X 10° m? landslide affected the flow of Amalia
Glacier, Chilean Patagonia. Despite being one of the largest recorded landslides in a glaciated
region, it emplaced little debris onto the glacier surface. Instead, it left a series of landslide-
perpendicular ridges, landslide-parallel fractures, and an apron of ice debris—with blocks as
much as 25 m across. Our observations suggest that a deep-seated failure of the mountainside
impacted the glacier flank, propagating brittle deformation through the ice and emplacing
the bulk of the rock mass below the glacier. The landslide triggered a brief downglacier ac-
celeration of Amalia Glacier followed by a slowdown of as much as 60% of the pre-landslide
speed and increased suspended-sediment concentrations in the fjord. These results highlight
that landslides may induce widespread and long-lasting disruptions to glacier dynamics.

INTRODUCTION

Glaciers produce landslide-prone condi-
tions (Zaruba and Mencl, 1982) by eroding
and oversteepening slopes, depositing uncon-
solidated moraines (Shulmeister et al., 2009;
Shugar and Clague, 2011), and propagating
bedrock fractures (Sanders et al., 2012; Grami-
ger et al., 2017). Ongoing global glacier retreat
and thinning (Radi¢ and Hock, 2011; Leclercq
et al., 2014; Shannon et al., 2019) exposes and
debuttresses these ice-marginal hillslopes (Holm
et al., 2004; Fischer et al., 2006; Huggel et al.,
2012; Deline et al., 2015), further increasing
landslide potential.

These factors increase the likelihood of land-
slides onto glaciers, which may then also feed
back into change in glacier dynamics and haz-
ards. Observational (Hewitt, 1988; Gardner and
Hewitt, 1990; Shugar et al., 2012; Higman et al.,
2018) and geological (Santamaria Tovar et al.,
2008; Vacco et al., 2010) data record or support
glacier advance in response to landsliding and

mine-tailings loading (Jamieson et al., 2015).
A causal link between a supraglacial landslide
and a glacier surge was also proposed at Bual-
tar Glacier, Pakistan, although it could not be
confirmed through direct observations (Hewitt,
1988; Gardner and Hewitt, 1990). In an extreme
case, a 2002 CE supraglacial landslide at Kolka
Glacier, Russia, triggered a full glacier detach-
ment, resulting in 125 fatalities (Haeberli et al.,
2004). Landslides in supraglacial and paragla-
cial environments may also generate tsunamis
(Blikra et al., 2006; Higman et al., 2018). We
provide a new example of the effect that land-
slides may have on glacier dynamics through
the study of a large landslide at the fast-flowing
tidewater Amalia Glacier (Chilean Patagonia;
50°55'S, 73°37'W).

Amalia Glacier is a rapidly thinning, 160
km? tidewater glacier draining a portion of the
Southern Patagonian Icefield toward the Pacific
Ocean. Historical photography from 1908 CE to
preset demonstrates >8 km of monotonic fron-

tal retreat over the past century (Fig. 1). The
>300 m of ice thinning associated with this
retreat has exposed the unconsolidated flank of
the active volcano (Harambourg, 1988) Reclus
along the southern margin of Amalia Glacier,
which yields a quasi-annual flux of small land-
slides, with larger events in 1979, in 2017, and
on 26 April 2019 (Fig. 1).

We investigated the 2019 landslide, originat-
ing from the northeastern flank of Reclus vol-
cano. We note a temporal correlation between
rapid ice thinning and landslide emplacement
but did not investigate causal links. We instead
applied repeat satellite imagery to resolve
unusual characteristics of the 2019 landslide
and its impact on Amalia Glacier’s dynamics.

METHODS

We use remotely sensed data to observe
changes in both Amalia Glacier and the adjacent
flank of Reclus volcano from 2015 to 2021. We
calculated the 2019 landslide volume by sub-
tracting a pre-event (May 2017) digital eleva-
tion model (DEM) from the earliest post-event
(August 2019) DEM (see the Supplemental
Material'). We derived a glacier-front thickness
anomaly using the same DEM pair, subtracting
the long-term glacier-elevation trend (calculated
from the 2014 DEM to the 2017 DEM).

We used optical satellite imagery from the
European Space Agency Sentinel-2 mission
and the feature-tracking toolbox Glacier Image
Velocimetry (GIV, https://www.maxgeohub.com
/giv/; Van Wyk de Vries and Wickert, 2021) to
calculate Amalia Glacier’s surface velocity.
Starting with 160 cloud-free Sentinel-2 images,
we generated a set of all possible image pairs
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Figure 1. Location of Amalia Glacier (AG), Reclus volcano (Harambourg, 1988), and two large landslides (Southern Patagonian Icefield [SPI],
southern Chile). Structural annotations are overlaid onto 23 August 2019 WorldView satellite image. Note the extensive fractures and thrust
ridges in the region of the landslide emplacement. The three-dimensional model is available at https://skfb.ly/6SQwJ.

with temporal separations of between 1 week
and 9 months (n = 3459). We then filtered and
resampled the results into monthly velocity
maps using a weighted averaging scheme (Van
Wyk de Vries and Wickert, 2021) and difference
pre- and post-landslide velocities to generate
monthly speed-anomaly maps.

We calculated changes in glacier frontal posi-
tion and relative suspended-sediment concentra-
tions (rSSCs) in the fjord using all cloud-free Sen-
tinel 2 images from October 2015 to June 2021 (71
images). We calculated maximum frontal change
as the maximum change in frontal position relative
to October 2015; mean frontal change by dividing
the frontal area change relative to October 2015
by the fjord width; and frontal ablation rate by
differencing mean frontal speed and mean frontal
position change (Dryak and Enderlin., 2020). We
used the radiance of Sentinel-2 band 5 (705 nm)
as a proxy for rSSC through a modified version
of the Ulyssys Water Quality Viewer (Zlinszky
and Padanyi-Gulyas, 2020).

To investigate the effect of subglacial land-
slide emplacement on ice velocities in a more
general case, we applied the Ice-Sheet and Sea-
Level System Model (ISSM, https://issm.jpl
.nasa.gov/; Larour et al., 2012) to a synthetic
approximation of Amalia Glacier, with a length
of 10 km, width of 3 km, maximum thickness
of 400 m (Carrivick et al., 2016; Millan et al.,
2019), and surface slope of 3.5°. We ran a tran-
sient-stress-balance glacier model with higher-
order field equations. We executed an initial
10 yr “spin up” phase (time step = 0.1 yr) to
achieve steady state, followed by six scenarios
(see the Supplemental Material) for another
5 yr (time step = 0.01 yr) with and without the
occurrence of an ~250 x 10° m? landslide.

RESULTS

We calculated a landslide volume of
262 + 77 x 10° m?. The scar area was not gla-
ciated at the time of collapse, so the landslide
must have been predominantly composed of
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rock. The landslide disrupted 3.5 km? of Ama-
lia Glacier’s surface, although detailed inspec-
tion of high-resolution satellite imagery reveals
that the ice surface is free of rock debris (see the
Supplemental Material).

The landslide-disrupted region consists of
a proximal zone of mixed rock and ice debris,
an intermediate zone dominated by transverse
ridges and radial fractures, and a distal ice-
debris apron (Fig. 1). In the proximal zone, the
pre-landslide glacier margin has been locally
displaced >100 m, replaced by a mix of rock
and ice debris. In the debris-free intermediate
zone, 10-30-m-high ice ridges oriented trans-
verse to the landslide-emplacement direction
overprint the preexisting crevasse fabric (Fig. 1).
Amalia Glacier’s surface-fracture pattern and
surface-elevation change suggest an upward and
lateral displacement of the glacier ice, with the
bulk of the debris emplaced at the glacier bed
and margin. The distal ice-debris apron contains
ice fragments as much as 25 m in size and is free
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of rock debris. January 2021 Sentinel-2 imag-
ery shows that the anomalous fracture fabric
remains present 1.5 yr post-landslide, although
the southern margin of Amalia Glacier has re-
advanced 300 m into the landslide scar.

Amalia Glacier’s surface speed shows rapid
changes following the landslide emplacement.
Downglacier from the landslide, Amalia Glacier
accelerated by as much as 400 m yr~' in May
2019 (a 40% increase relative to May 2018),
while the portion of Amalia Glacier upglacier
of the landslide slowed by a similar magnitude
(Figs. 2 and 3). In the 4 months following the
landslide, the zone of increased ice-surface
speed migrated downglacier and decayed. This
was associated with between 15 and 90 m of ice
thickening totaling 209 x 10°® m*—comparable
to the landslide volume—and concentrated at the
calving front (Fig. 3). In addition, Amalia Gla-
cier reversed a centennial retreat trend (Fig. 1)
and advanced one kilometer to its farthest extent
within the past five years. Both the thickening
and frontal advance continue as of June 2021,
more than two years post-landside.

For the 4 months immediately following
landslide emplacement, slowdown occurred
upglacier of the landslide. Between August
and November 2019, the slowdown propagated
through the entire glacier (Figs. 2 and 3). After
November 2019, the slowdown became great-
est at the glacier front, where glacier speed
dropped from >1000 m yr~' in June 2019 to
600-700 m yr~' in November 2019 (Fig. 4). As
of June 2021, ice speed in the vicinity of the
landslide has recovered to within 10% of pre-
collapse levels, whereas ice speed near Amalia
Glacier’s calving front remained slow (700 m
yr~!in June 2021 compared to 1175 m yr~! in
June 2018). Amalia Glacier’s frontal ablation
rate dropped by 35% in 2020 relative to pre-
landslide values and remains at that level as
of June 2021. The rSSC at the front of Amalia
Glacier peaked at more than five times the pre-
landslide maximum in austral summer 2020 and
2021 (Fig. 2C).

In the simulated glacier model, landslide
emplacement increases ice-surface speed
downglacier of the landslide center by ~600 m
yr~! and reduces it by ~250 m yr-! upglacier
(Fig. 4). Two years after the landslide, the mod-
eled glacier remains ~100 m yr~' slower near
the zone of landslide emplacement. A model
run with a 20% increase in basal friction shows
a similar overall trend, with a further ~200 m
yr~! glacier-wide slowdown.

DISCUSSION

The landslide-induced dynamic glacier
changes may relate to changes in the stress
field, frontal conditions, or basal hydrology, or
some combination of these factors. Immediately
following the landslide event, the glacier decel-
erated upglacier and accelerated downglacier
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Figure 2. Changes induced by the April 2019 landslide on Amalia Glacier, Chilean Patagonia.
(A) Map of Amalia Glacier, showing points where we extracted velocity time series (B) and
centerline used in Figure 3. (B-D) Changes in glacier surface velocity, rSSC, and calving flux
normalized to the pre-landslide mean. (E) Maximum frontal position relative to October 2015
(see the Supplemental Material [see footnote 1]).

of the landslide center. The synthetic glacier
model, which does not account for any change
in basal friction, basal hydrology, or calving-
front conditions (Figs. 4E—4H), exhibits a simi-
lar speed-anomaly pattern for the first 3 months

following landslide emplacement. Disruptions
to the ice-surface and basal topography alone
provide a viable mechanism for the short-term
post-landslide downglacier acceleration at Ama-
lia Glacier.
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Figure 3. Detrended May 2017—-August 2019 (4 months post-landslide) and May 2017-February
2020 (10 months post-landslide) changes in Amalia Glacier (Chilean Patagonia) ice thickness
(A) and ice-surface velocity anomaly (B) along the glacier centerline (shown in Fig. 2A). Veloci-
ties are shown every 2 months. T, is time of landslide emplacement.

Starting at ~3 months following the land-
slide, slowdown of ice surface speed increased
in magnitude and propagated downglacier. The
focus of the slowdown was first located at the
zone of landslide emplacement, followed by a
switch to the glacier calving front after 9 months.
Changes in driving stresses alone, as represented
by our model outputs, cannot explain this lon-
ger-term slowdown and its pattern.

One explanation for the slowdown could be
a change in basal hydrology. An increase in the
efficiency of subglacial drainage reduces subgla-
cial water pressure, increases basal friction, and
lowers ice speed (Iken and Truffer, 1997; Cuffey
and Paterson, 2010). Without direct measure-
ments of Amalia Glacier’s subglacial conditions,
we examine fjord rSSC as a proxy. Glacier sedi-
ment export is controlled by the availability of
subglacial sediment and the subglacial drainage
system’s sediment-transport capacity, with the
latter being higher in efficient (i.e., internally
connected) drainage systems.

We observed high rSSC in the Amalia Fjord
during austral summer 2020 and summer 2021
(Fig. 2) when compared to prior summers,
including the period following the 2017 supra-
glacial landslide. Times of highest rSSC coin-
cide with the melt season. The 2019 landslide
injected large quantities of loose sediment at
the base of Amalia Glacier while also locally
disrupting englacial and supraglacial fracture

networks. This latter effect may have changed
subglacial flow paths, allowing sediment to be
sourced from new areas of the glacier bed (e.g.,
Anderson et al., 1999). In addition, any increase
in the efficiency of Amalia Glacier’s subglacial
drainage system could explain the initial 9
month slowdown centered on the zone of land-
slide emplacement. We cannot, however, dis-
tinguish the relative contributions of increased
drainage efficiency and greater sediment avail-
ability to the observed increase in rSSC.

Conversion of a formerly marine-terminating
glacier to a land-terminating glacier increases
its basal friction, thereby reducing its speed at
the ice front. This buttressing at the terminus
may consequently reduce ice speeds upglacier.
Amalia Glacier’s southern ice front slowed 40%
when a delta formed ~9 months post-landslide,
and portions of its terminus became land-ter-
minating. Amalia Glacier continues to advance
as of November 2021, and its calving flux has
remained at approximately two-thirds of its pre-
landslide value since early 2020.

In summary, we ascribe Amalia Glacier’s
speed changes to three sources: (1) topographi-
cally induced changes in the glacier’s stress
field, related to subglacial landslide emplace-
ment and uplift of the ice surface; (2) a reduction
in basal slip related to more efficient meltwater
evacuation and consequent depressurization of
the subglacial hydrological system; and (3) pro-
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glacial delta formation and partial grounding of
Amalia Glacier’s ice front. Our results highlight
the potential of remote sensing for understand-
ing glacier dynamic changes in remote areas,
although field data would be valuable for bet-
ter assessing glacier basal processes and stress
changes.

Certain characteristics of Amalia Glacier’s
response to the emplacement of a large land-
slide are reminiscent of glacier surges. In a
typical surge-type glacier, ice gradually accu-
mulates in a reservoir zone until it reaches a
critical level, before destabilizing and rapidly
draining downglacier during the surge (Eisen
etal., 2001, 2005). At Amalia Glacier, landslide
emplacement instantaneously formed a “reser-
voir zone” by uplifting the ice surface and drove
rapid downglacier thickening and acceleration
(Figs. 2 and 3). The long-term (2 + yr) fron-
tal slowdown and proglacial delta formation
are more reminiscent of the advance phase of
a tidewater glacier, where a shallow proglacial
shoal reduces frontal ablation and enables gla-
cier advance (Post et al., 2011). Future studies of
Amalia Glacier are needed to evaluate whether
the disruption is temporary or the glacier has
shifted into a new steady state.

The hazard related to this glacier response at
Amalia Glacier is minor due to its remoteness.
However, large-magnitude, rapid, and long-term
changes in glacier dynamics may be of concern
in more populated regions (e.g., Gardner and
Hewitt, 1990; Deline et al., 2015). Our results
underscore the importance of glacier-related
landslide monitoring, including how interactions
between landslides and glacier dynamics may
extend the effects of a landslide many kilometers
beyond its runout zone.

CONCLUSIONS

A 262 £ 77 x 10° m? landslide impacted
Amalia Glacier on 26 April 2019. Unusually,
this landslide deposited little to no debris on
the glacier surface but instead displaced the gla-
cier margin, thickened the glacier through brittle
faulting and accretion of eroded ice debris, and
imprinted a strong brittle-contractional fracture
pattern. Remotely sensed glacier-surface speed
and DEMs show that Amalia Glacier acceler-
ated by 100-400 m yr~', thickened by 10-50 m,
and advanced more than 1 km following the
landslide. This acceleration was succeeded by
glacier-wide slowdown, centered first on the
landslide runout zone and then on Amalia Gla-
cier’s calving front. We ascribe this complex
spatiotemporal change in glacier speed to three
factors: (1) a change in driving stresses, related
to the altered ice-surface and basal topography;
(2) a shift in glacier basal hydrology, with the
landslide increasing basal drainage-network effi-
ciency; and (3) increased glacier-front stability
due to proglacial delta formation and grounding
of the ice front. Two years after the landslide,
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frontal speed and calving flux remain sup-
pressed. These results highlight that landslides,
forecast to increase in frequency with climatic
warming, can alter the dynamics of even very
large glaciers.
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