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Abstract. Glacier retreat is projected to increase with future climate warming, elevating the risk of mass movement-triggered
glacial lake outburst floods (GLOFs). These events are an emerging yet understudied hazard in Iceland, including at
Fjallsjokull, an outlet glacier of the Vatnajokull ice cap in southeast Iceland. A multibeam sonar scanner survey revealed that
the proglacial Fjallsarlon lake significantly expanded from 1945 to 2021. If recent glacier terminus retreat rates continue,
Fjallsarlén will reach its maximum extent around 2110, more than doubling in surface area and tripling in volume. The lake
will occupy two overdeepened basins with a maximum depth of ~210 m, which will likely increase terminus melting and
calving rates—and thus glacier retreat—as well as potentially float the glacier tongue. Three zones on the valley walls above
Fjallsjokull have high topographic potential of sourcing rock falls or avalanches that could enter Fjallsarlon and generate
displacement waves or GLOFs, significantly impacting visitors and infrastructure at this tourism site. This study provides input
data for risk assessments and mitigation strategies at Fjallsjokull; a template for investigating this hazard at other proglacial
lakes in Iceland; and field data to advance understanding of overdeepenings and lake—terminus interactions in proglacial lakes

worldwide.

1. Introduction and aims

Gli worldwide have retreated rapidly over the past century, and this rate is projected to continue with future
GliREENVERmIAY (Hock et al., 2019; Zemp et al., 2019; Marzeion et al., 2020; Hugonnet et al., 2021; Rounce et al., 2023).
Proglacial lakes often form in front of retreating glacier termini, particularly where ice has eroded overdeepened troughs into
bedrock and sediment, and these lakes are growing in size and humber as glaciers retreat worldwide (Cook and Swift, 2012;
Carrivick and Tweed, 2013; Haeberli et al., 2016; Shugar et al., 2020; Zhang et al., 2024). Proglacial lakes can drain suddenly
and catastrophically in jokulhlaups (also referred to as glacial lake outburst floods or GLOFs) if their dams are breached by

displacement waves generated by a mass movement event—such as a rapid rock slope failure, ice avalanche, or landslide—
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that enters the lake (Evans and Clal 994; Westoby et al., 2014a; Haeberli et al., 2017, son et al., 2018). These mass
movements may be triggered by (EIEGIEEIE processes, such as glacier debuttressing, (EMamOSHRED, freeze-thaw activity,
or stress adjustments from post-glacial crustal unloading and rebound, as well as seismic activity, extreme precipitation or
snowmelt events, and ice crevassing and avalanching (Gruber anc Jerli, 2007; McColl, 2012; Stoffel and Huggel, 2012;
Korup and Dunning, 2015; Krautblatter and Leith, 2015; CElifcISEEIN2OIS, 2022; Ballantyne, 2022). Moreover, these
processes can act in positive feedback loops, as glacial lake deepening increases terminus melt and calving rates (Carrivick et
al., 2020; Sutherland et al., 2020), and glacial lake expansion increases the lake surface area where mass movements can enter
and the water volume that can be displaced (Emmer et al., 2020).

GLOFs can significantly impact landscapes and societies far downstream of the source lake, leaving a
geomorphologic legacy that persists over long time scales (Carrivick and Tweed, 2016; Larsen and Lamb, 2016; Wells et al.,
2022; Emmer, 2023; Lutzow et al., 2023; Morey et al., 2024). GLOFs may also trigger hazard cascades by entraining material
to transform into debris flows, undercutting channel banks to increase likelihood of subsequent collapse, and depositing
material to dam new lakes at risk of draining (Korup and Tweed, 2007; Worni et al., 2014; Allen et al., 2022; Geertsema et al.,
2022). Mass movements into proglacial lakes have triggered GLOFs across the globe, including in the Himalaya—Hindu Kush
(Richardson and Reynolds, 2000), Andes (Hubbard et al., 2005), Patagonia (Harrison et al., 2006), Canadian Cordillera (Clague
and Evans, 2000), and Iceland (Kjartansson, 1967), as well as tsunamis in marine fjords in Greenland (Svennevig et al., 2020),
Norway (Hermanns et al., ), and Alaska (Higman et al., 2018).

Projected Glififiaftnmandiifi§ is expected to increase glacier retreat, proglacial lake expansion, and paraglacial activity
in Iceland, heightening the threat of mass movement-triggered GLOFs, though this emerging hazard remains understudied.
Though jokulhlaups occur more frequently in Iceland than nearly anywhere else on Earth, most have been triggered by
subglacial volcanic and geothermal activity (Bjornsson, 2002; Dunning et al., 2013; Carrivick and Tweed, 2019; Magntsson
et al., 2021) or ice dam flotation or failure (Thorarinsson, 1939; Roberts et al., 2005). Rapid glacier retreat and thinning is
occurring in Iceland, with a 16 + 4% decrease in ice volume since 1890 (Adalgeirsdéttir et al., 2020; Belart et al., 2020;
Hannesdattir et al., 2020) and a projected additional loss of at least 20% by 2100 for its largest ice caps (Flowers et al., 2005;
Adalgeirsdottir et al., 2011; Schmidt et al., 2020; Compagno et al., 2021; Rounce et al., 2023). Proglacial lakes have expanded
since they began to form in the early twentieth century and now occur in front of most southern outlet glaciers at Vatnajokull,
Iceland’s largest ice cap (Gudmundsson et al., 2019). Mass movements partly attributed to paraglacial processes have fallen
onto several outlet glaciers in Iceland in the past century, including Steinsholtsjokull (1967), an outlet glacier of the
Eyjafjallajokull ice cap (Kjartansson, 1967), Jokulsargilsjokull (1972) (Sigurdsson and Williams, 1991) and
Tungnakvislarjokull (2003), outlet glaciers of the Myrdalsjokull ice cap, and Morsarjokull (2007) (Seemundsson et al., 2011)
and Svinafellsjokull (2013) (Ben-Yehoshua et al., 2022), outlet glaciers of the Vatnajokull ice cap (Fig. 1A and 1B); and
ongoing surface deformation is observed above Tungnakvislarjokull (Lacroix et al., 2022) and Svinafellsjokull (Ben-Yehoshua

et al., 2023). Despite many locations of activity, only one known mass movement has triggered a GLOF in Iceland—the
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rockslide onto the Steinsholtsjokull outlet glacier in 1967, which fractured glacial ice and slid into the proglacial lake, where
it generated a displacement wave that continued downstream as a flood and debris flow (Kjartansson, 1967).

One site with favorable conditions for mass-movement triggered GLOFs is Fjallsjokull, an outlet glacier of the
Vatnajokull ice cap in southeast Iceland that is located in VVatnajokull National Park (Fig. 1C). Fjallsjokull is rapidly retreating
in a steep-walled valley with an overdeepened trough and is in contact with the proglacial Fjallsarlon lake. A mass movement-
triggered GLOF from Fjallsarlon could have a significant societal impact since the lake is one of Iceland’s most visited glacier
tourism sites—attracting more than 260,000 visitors in 2022 (b6rhallsdéttir, 2023)—and is situated ~1 km west of Route 1,
which is the only land route connecting eastern and we: Iceland on the south coast. This study addresses the questions:
how will Fjallsarlén evolve under ongoing ClifiEiEf@lussedand how will this evolution influence GLOF risk from mass
movement events into the lake? This paper: 1) presents results of a 2020 lake bathymetric survey with a multibeam sonar
scanner; 2) reconstructs lake volume changes from 1945 to 2021; 3) estimates future lake and glacier evolution; and 4)

identifies potential sources of mass movements and discusses resulting GLOF scenarios from Fjallsarlon.

2. Study area and background

Fjallsjokull is an outlet glacier of the southern part of Oraefajokull, a central volcano that lies beneath the Vatnajokull
ice cap in southeast Iceland (Fig. 1B). Fjallsjokull reached its maximum historical extent in the 18™ and 19™ centuries
(Thorarinsson, 1943; Bradwell, 2004). The glacier was connected with the Hratarjokull outlet glacier to the south, but the ice
had retreated enough to separate into two termini by 2010 (Hannesdéttir et al., 2015; Guomundsson et al., 2019). Between
~1890 and 2010, the glacier lost ~23% of its surface area and ~35% of its volume (Hannesdéttir et al., 2015). Bedrock maps
from radio-echo sounding surveys show that Fjallsjokull occupies two overdeepened troughs carved into bedrock and sediment
reaching up to ~205 m and ~120 m below sea level (Magnusson et al., 2012). The glacier is bounded by the Breidamerkurfjall
mountain to the north and the Zrfjall mountain to the south (Fig. 1C). Approximately 5 km from the present-day terminus, the
glacier flows over a series of bedrock steps that create ice falls (Magnusson et al., 2012). Small proglacial lakes began to form
in front of Fjallsjokull in 1936, one of which eventually became Fjallsarlon (Howarth and Price, 1969; Gudmundsson et al.,
2019). Since its first appearance in aerial photographs and maps in 1945, the lake surface area expanded from ~0.5 km?to ~3.7
km? in 2018 (Gudmundsson et al., 2019). Point surveys conducted with a weighted rope (and echo-sounder in 1966) revealed
a maximum lake depth of 45 m in 1951, 58 m in 1966, 66 m in 2006, and 119 m in 2016 (Howarth and Price, 1969; Magnusson
et al., 2007; Gudmundsson et al., 2019). A neighboring glacial lake, Breidarlén, drains into Fjallsarlén via the Breida river.

Fjallsarlon’s outlet is the Fjallsa river, which flows for ~8 km southeast across a sandur to the Atlantic Ocean (Fig. 1C).
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Figure 1. Map of study area and selected locations of historic mass movements onto glaciers in Iceland that are mentioned in the
main text. (A) Myrdalsjokull and Eyjafjallajékull ice caps (Google Earth basemap); (B) Orafajokull volcano beneath Vatnajokull
ice cap (Google Earth basemap); (C) Fjallsjokull glacier and Fjallsarlon lake (basemap photo from 2021 (Loftmyndir ehf., 2022)).

The glacier foreland contains landform assemblages characteristic of active temperate glacial landsystems, including
moraines, till, hummocky terrain, and glacial and glaciofluvial sediments and deposits (Evans and Twigg, 2002; Chandler et
al., 2020). Bedrock in the area is predominantly subaerially erupted basalt (formed during interglacial periods) and subglacially
erupted basalt including hyaloclastite, breccia, and pillow lava (formed during glacial periods) that date to ~0.7 to 2.7 million
years and older (Stevenson et al., 2006; Roberts and Gudmundsson, 2015). Some plutonic rocks also occur in Breidamerkurfjall
at the northern margin of Fjallsjokull (Hauksdottir et al., 2021). Despite Iceland’s subarctic location, regional climate is mild
and maritime due to influence from the warm Irminger Current. Mean annual temperature near the glacier terminus is ~5° C
(measured at the Fagurhélsmyri weather station ~20 km southwest of Fjallsarlon from 1949 to 2023), and mean annual
precipitation is ~3500 mm (measured at the Kvisker station approximately 6 km southwest of Fjallsarlén from 1962 to 2011)
(Icelandic Meteorological Office, 2024).
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3. Methods
3.1. Bathymetric survey and bed DEM

A bathymetric survey was conducted in August 2020 using a Teledyne RESON SeaBat T20-P multibeam sonar
scanner (420 kHz) attached to a small, motorized boat. GNSS data was collected with a Trimble SPS-852 land survey rover
on-board and RTK base station close to the lakeshore, yielding a relative accuracy of £ 3 cm in vertical and horizontal.
Multibeam sonar scanner results were corrected for sound wave velocity changes based on temperature and depth. Lake surface
elevation was measured at a point along the shoreline at the time of the bathymetric survey with a Trimble TCS-3 (Trimble
852 reference station) and a survey stick and reported as 5 m above sea level (m a.s.l.) following correction for above-geoid
height (ISN93 coordinate system).

To create a continuous topographic digital elevation model (DEM) of the Fjallsjokull area (hereafter referred to as
the bed DEM)), three datasets were combined: 1) bathymetric data from the multibeam sonar survey; 2) subglacial topography
measured with radio-echo sounding surveys by the Institute of Earth Sciences, University of Iceland in 2005-20086, interpolated
from point measurements (vertical uncertainty of point measurements + 20 m) (Magnusson et al., 2012); and 3) islandsDEM,
a DEM of subaerial topography created from an airborne lidar survey in 2010-2011 (vertical uncertainty <0.5 m) (J6hannesson
et al., 2013; Landmalingar islands, 2021). These datasets were mosaicked together using Surfer®, version 13 (Golden
Software, LLC, 2015), with which all subsequent data processing and calculations were carried out. Since the bathymetric
survey could not cover the entire lake extent due to shallow water, floating icebergs, and proximity to the calving terminus,

data gaps between the surveyed area and 2021 lakeshore outline were interpolated via kriging.

3.2. Glacier terminus evolution

Fjallsjokull terminus positions for eight time steps between 1890 and 2019 were retrieved from the Icelandic Glacier
Web Portal (Hannesdéttir and Gudmundsson, 2024) and originally derived from remote sensing imagery, lidar DEMs, maps,
and field measurements (Hannesdéttir et al., 2015, 2020; Gudmundsson et al., 2019). The 2021 terminus was manually
digitized from an aerial photograph from Loftmyndir ehf. (Loftmyndir ehf., 2022) (Fig. 2). Glacier terminus retreat rates were
calculated using the rectilinear box method, which captures Fjallsjokull’s asymmetric terminus shape (Lea et al., 2014; Dell et
al., 2019). Following the methodology presented in Moon and Joughin (2008) and Howat and Eddy (2011), we drew a
rectangular box that included maximum terminus locations between 1890 and 2021 and had an arbitrary boundary roughly
500 m up-glacier from the minimum (2021) terminus position. For each year, we calculated glacier-covered area within the
box; measured the areal differences between successive time steps; and divided area change by box width (approximately
perpendicular to glacier flow line) to estimate average horizontal terminus retreat distance during the time interval. Finally,
we divided retreat distances by the number of years in the time interval to estimate the average annual horizontal retreat rate
across the terminus. Future glacier terminus retreat rate was estimated using the annual average retreat rate from 2000-2021,

which captures glacier response to an atmospheric temperature increase in Iceland after ~1995, a trend that we expect to
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continue with future Gl GISNVEEMIG (Bjornsson et al., 2013; Adalgeirsdottir et al., 2020). This rate was used to estimate

terminus positions at decadal intervals from 2030-2120, assuming that the 2000-2021 retreat rate continues and that all parts
of the terminus retreat at the same rate.

2 o«
| Breidamerkurfjall b - 396000
s{/ \ A T

I B s vy o 5 {

I /— K .. ’4‘7 y 7 : “ 3 r( J
‘/ = A it ;

e/ -
idi 1
5 -
3
4

Glaciers (2021)

& Breidarlon -

Lakes and rivers (2021)

0 L

\ BVZ
M il et A F AR 505000 1890 =
- / 1945

Fjallsjokull = 1973

. 2000
- 394000

2012 - Glacier Fe.rminus
positions

2014

2017

Y
Mg

<8 W, L1 - 393000
> { 2, 2

o 2021 _J

2019

&>

Sy B8
L 1 .
i : 392000 Roads

N
— Hiking paths
2Km

B
h

T T
626000 627000 628000

v - T s .
| 625000 629000 630000 - Visitor center and parking lot

Figure 2. Fjallsjokull terminus positions at nine time steps between 1890 and 2021 (glacier outlines obtained from Hannesd6ttir and
Guomundsson (2024) and a 2021 aerial photo from Loftmyndir ehf. (2022)). IslandsDEM basemap (Landmalingar Islands, 2021).

3.3. Lake surface area and volume calculations

Lake surface area and volume were calculated for 20 time steps between 1945 and 2021 using the bed DEM and
digitized lake outlines. Outlines for 1945-2018 were obtained from Gudmundsson et al. (2019) and were originally derived
from aerial photographs, satellite images, lidar DEMs, maps, and field observations. The 2021 outline was manually digitized
from an aerial photograph from Loftmyndir ehf. (Loftmyndir ehf., 2022) (Fig. 3). Though there are no reported lake surface
elevation measurements prior to 2020, digitized lake outlines show that the eastern, northern, and southern shorelines have
remained in similar positions since the first aerial photograph of Fjallsarlon was taken in 1945, indicating a relatively stable
surface elevation; thus, we used the 2020 measured lake surface elevation to estimate future evolution. Future lake extents
were estimated for ten time steps between 2030 and 2120 by digitizing the outline of the 2021 lake shoreline, then extending
it up-valley along the 5 m a.s.l. contour line to each projected glacier terminus position, assuming that 2020 lake surface
elevation will remain constant. Lake surface area and volume were then calculated for each estimated future lake outline using
the bed DEM.


Wilfried Haeberli

Wilfried Haeberli
See remark on line 28 and further cases below.


https://doi.org/10.5194/egusphere-2024-2002

Preprint. Discussion started: 20 August 2024 EG U N

© Author(s) 2024. CC BY 4.0 License. Sp here
Preprint repository

225
1
625000

T T : - -
626000 627000 628000 629000 630000

Lake extents

[ ] claciers (2021) A
4 N
[] Lakesand rivers (2021) 1945 — 1985 — 2008
1951 ——— 1990 —— 2010
i —— 1955 s Y5 — 2012
w—— Hiking paths — 1964 — 1994 — 2016
Visitor center and 1973 s 1998 + 2000 s 2018
parking lot — 1982 + 1983 2004 — 2021

160 Figure 3. Fjallsarlén lake extents for 20 time steps between 1945 and 2021 (lake outlines obtained from Gudmundsson et al. (2019)
and a 2021 aerial photo from Loftmyndir ehf. (2022)). IslandsDEM basemap (Landmaelingar Islands, 2021).

3.4. Mass movement potential and glacial lake outburst flood threat

Slope angle and vertical elevation of the valley walls above Fjallsjokull were mapped using the IslandsDEM basemap
(Landmalingar Islands, 2021) in ArcGIS Pro (version 3.2.0) and the bed DEM. To identify areas with a higher potential of

165 sourcing a mass movement, we delineated zones that met two criteria: 1) slope angles >30°, which numerous studies have
defined as a critical threshold for slopes more prone to failure (Romstad et al., 2009; Allen et al., 2019; Emmer et al., 2020;
Penna et al., 2022); and 2) vertical relief >200 m, which are expected to yield enough material to significantly impact the
glacier or lake below (Béhme et al., 2022). In each of the identified zones, we evaluated the potential of a mass movement
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reaching the glacial lake—and thus potentially triggering a GLOF—by measuring four parameters based on glacier and lake
positions in 2021 and when the lake has reached its estimated maximum future extent: 1) maximum vertical height (vertical
distances from the highest point in the zone to the 2021 glacier surface at the zone base and to the assumed future lake surface
of 5 m a.s.l.); 2) horizontal travel distance (horizontal distances from the midpoint of the zone’s lowest boundary to the 2021
glacier terminus and estimated future lakeshore along the shortest straight-line path); 3) H/L ratio (H = maximum height
difference between the highest zone point and the lowest point of the mass movement deposit, assumed to be the lake surface
elevation of 5 m a.s.l.; L = horizontal length between the highest zone point and the lowest deposit point along the estimated
flow path); and 4) angle of reach (fahrbéschung), defined as tan™ (H/L) (Hermanns et al., 2022). We also measured the
horizontal distance between the highest and lowest zone boundaries (Fig. 4). Taken together, these measurements provide a
first order assessment of the topographic potential for valley walls to produce mass movements that could trigger a GLOF
from Fjallsarlon (Hermanns et al., 2013; Allen et al., 2019; Emmer et al., 2020; Zheng et al., 2021). We also calculated glacier
surface gradient along the central flow line from below the ice fall to the 2021 terminus using a 2021 glacier DEM (Belart and
Magnusson, 2024). Finally, we looked for evidence of previous mass movement events in aerial photos from 2003, 2015,
2019, and 2021 (Loftmyndir ehf., 2022) and 1982 and 1998 (Landmalingar islands, 2022).
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Maximum vertical
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~| glacier surface

Horizontal distance from
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L

Figure. 4. Schematic diagram of topographic parameters measured to assess the potential of a mass movement event entering a
glacial lake.
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4. Results
4.1. Topography of the Fjallsjokull area

The bed DEM reveals two overdeepened troughs (Fig. 5). In 2021, the southern trough was occupied partly by

Fjallsarlon and partly by Fjallsjokull and reached a maximum depth of 125 m below sea level. The second trough, which is

190 located at the northern valley margin beneath Breidamerkurfjall, reaches up to 205 m below sea level and is currently under
Fjallsjokull, with the deepest point ~1.3 km from the 2021 terminus (Magnusson et al., 2012). A higher-elevation ridge
reaching up to ~20 m below sea level separates the two overdeepenings. Maximum lake depth increased from 32 m in 1945 to

128 m since 2016, when Fjallsjokull retreated into the deepest section of the southern trough (Table 1). Lake depths derived

from the bathymetric sonar survey generally correspond well with point depth measurements taken in 2016, as well as radio-

195 echo sounding results from 2005-2006 in the area that was covered by ice at the time of the survey but is now in the lake.
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Figure 5. Bed DEM showing overdeepened basins and projected future evolution of Fjallsarlén extents and Fjallsjokull terminus
positions from 2030-2120, assuming continuation of 2000-2021 terminus retreat rate (38 m yr-) and 2020 lake surface elevation (5
m as.l.).
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4.2. Glacier terminus change, 1890-2021

Fjallsjokull retreated 2.7 km from its Little Ice Age position in ~1890 to 2021, which averages to a rate of ~20 meters
per year (m a*). However, terminus retreat rates have varied significantly during different time intervals, averaging 23 m a*
from 1890-1945, 42 m a* from 2000-2012, 81 m a* from 20122014, and 11 m a* from 2019-2021. The average annual
terminus retreat rate from 2000-2021 was 38 + 0.5 m a* (Table 1). Terminus retreat horizontal uncertainties were derived
from those reported by Hannesdottir et al. (2020) for selected terminus positions (or, where our mapped terminus year did not
correspond, uncertainties for the closest year). Calculated retreat depends on methodology and measurement location; for
example, Hannesdottir et al. (2015) reported 500 m of total retreat at Fjallsjokull from 1973-2010 based on a reference point
on the land-terminating glacier, while Dell et al. (2019) calculated 870 m of retreat during the same time interval for the
glacier’s lake-terminating portion, with the faster rate attributed to mass loss through calving (Dell et al., 2019). For
comparison, our method yields an intermediate value of ~700 m of retreat during a similar time period (1973-2012), which

may be because it includes the entire glacier front (both land- and lake-terminating sections).

4.3. Lake volume and surface area changes, 1945-2021

Lake volume and surface area have increased since lake extent was first mapped in 1945 (Fig. 6). The 1945 lake had
a surface area of 0.33 + 0.010 km? and a volume of 0.0055 + 0.00033 km?®. By 2021, the lake covered 3.7 + 0.050 km? and
contained 0.19 + 0.0036 km?® of water. Uncertainties were estimated by calculating surface areas and volumes for lake surface
elevations of 4 m and 5 m (an interval that fits within vertical uncertainties of <+ 0.5 m for sonar scanner bathymetry and lidar
datasets). Surface area and volume increased during each successive time interval, with the exception of very slight decreases
between 1985-1990 and 2016-2018 and no change between 1982-1983 and 1998-2000 (Fig. 6; Table 1). Past lake surface
areas presen 2re are similar to those reported by Gudmundsson et al. (2019), and volumes closely correspond to those
o CNEEETEIN e FETMBIEESEE® Differences between sonar scanner-derived volumes of the 2018 lake and volumes estimated
from radio-echo sounding surveys and weighted rope point measurements are within calculated uncertainties (Gudmundsson
et al., 2019).

10


Wilfried Haeberli

Wilfried Haeberli
What exactly is meant with “other datasets”?


https://doi.org/10.5194/egusphere-2024-2002
Preprint. Discussion started: 20 August 2024 G
© Author(s) 2024. CC BY 4.0 License. E U Sp here

2110
12 1 0.7
10 //o/'_*‘ o
05
E 8
= 04 =
= E
£ 6 2021 =
a 03 g
Q i
g l 2
4
>
a 0.2
1945

1 / 0.1

——Surface area —=-Volume [ | Future lake estimate

Figure 6. Fjallsarlén surface area and volume at 20 time steps from 1945-2021 and projected evolution at decadal intervals from
225 2030-2120. Arrows denote timing of first mapped lake extent (1945), most recent measurement (2021), and estimated future
maximum lake extent (2110).
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. . Total glacier terminus Average annual
Lake surface area Maximum lake Time interval for " i .
Year (km?) 2 Lake volume (km?3) 2 depth (m) b it retr'eat. d|.stance (m) glacier terminus
within interval ¢ retreat rate (m a%) ¢
1890 N/A N/A N/A 1890-1945 1253 + 30 23405
1945 0.33 +0.010 0.0055 + 0.00033 32
1951 0.44 + 0.0095 0.0087 + 0.00043 37
1945-1973 410+ 20 15+0.7
1955 0.56 £ 0.011 0.013 + 0.00055 40
1964 0.64 £ 0.011 0.015 £ 0.00063 42
1973 0.71 £0.021 0.016 + 0.00070 49
1982 0.85 +0.023 0.019 + 0.00084 43
1983 0.85 + 0.023 0.019 £ 0.00084 43
1985 0.89 + 0.023 0.020 + 0.00098 50 1973-2000 194 + 15 7+06
1990 0.88 +0.023 0.019 + 0.00087 44
1992 0.90 + 0.024 0.020 + 0.00089 44
1994 1.1£0.023 0.028 + 0.0011 62
1998 1.3 +0.025 0.035 + 0.0013 70
2000 1.3 +0.025 0.035 + 0.0013 70
2004 1.9 £0.035 0.062 + 0.0019 79 2000-2012 509 + 7 42406
2008 2.6 +0.042 0.10 £ 0.0026 112
2010 2.8 +0.046 0.11 £ 0.0028 119
2012 3.0 £0.047 0.12 + 0.0030 120 2012-2014 163+4 81+2
2016 3.5 +0.049 0.18 + 0.0035 128 2014-2017 72+4 24+1
2018 3.5 +0.050 0.17 + 0.0035 126 2017-2019 31+4 15+2
2021 3.7 +0.050 0.19 + 0.0036 128 2019-2021 214 11532
2030 4.7 £0.92 0.26 £ 0.087 128 2021-2030 342+5 38+0.5
2040 5.7 £ 0.85 0.34+0.11 146 2030-2040 3805 38+0.5
2050 6.7 £ 0.87 0.42 £0.13 207 2040-2050 3805 38+0.5
2060 7.5+0.86 0.50 £0.14 210 2050-2060 3805 38+0.5
2070 82+1.0 0.54 £0.16 210 2060-2070 3805 38+0.5
2080 85+1.0 0.57 £0.16 210 2070-2080 380+5 38+0.5
2090 88+1.1 0.59+0.17 210 2080-2090 380+5 38+0.5
2100 9.2+12 0.62 +0.17 210 2090-2100 380+5 38+0.5
2110 9.7 1.5 0.64 +0.18 210 2100-2110 380+5 38+0.5
2120 g7+1.5 0.64 +£0.18 210 2110-2120 380+5 38+0.5
2 Lake surface area and volume: differences between surface areas and volumes calculated for lake surface elevations at intervals
corresponding to dataset vertical uncertainties. 1945-2021: lake surface elevations of 4 m and 5 m (sonar scanner bathymetry and
lidar datasets have vertical uncertainties of +< 0.5 m). 2030-2120: lake surface elevations of -15 m and 5 m (radio-echo sounding
Uncertainty |, dataset has vertica.l uncertainty of = 29 m). . ‘ .
estimation Lake depth: uncertainty for 1945-2021 is = < 0.5 m (vertical uncertainty for sonar scanner bathymetry dataset); uncertainty for 2030-
methodology 2120 is.i 20m (Yertical uncertainty for radio-echo sgunding datase':t).' ) . N
€ Total glacier terminus retreat: extrapolated from horizontal uncertainties of glacier terminus positions for ~1890 (20 m); 1945 (10 m);
1982 (10 m); 2002 (5 m); and 2010 (2 m) (Hannesdéttir et al., 2020) by adding uncertainties of years within (or closest to) the time
interval.
d Average annual glacier terminus retreat rate: Uncertainty for total glacier terminus retreat rate averaged annually over time interval.

Table 1. Past (white shading) and projected future (green shading) evolution of Fjallsarlén and Fjallsjokull, showing lake surface
area, volume, and maximum depth (below lake surface elevation of 5 m a.s.l.) at 20 time steps from 1945-2021; terminus retreat
distance and average rate during nine time intervals from 1890-2021; and projected lake and glacier changes at decadal intervals
from 2030-2120 (assuming continuation of 2000-2021 average annual terminus retreat rate of 38 m a*and 2020 lake surface
elevation of 5 ma.s.l.).
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4.4, Future lake and glacier evolution

Assuming the lake will continue to expand westwards and maintain its 2020 surface elevation, a future lake will cover
a maximum of 9.7 + 1.5 km? and contain up to 0.64 + 0.18 km?® of water (Table 1; Fig. 6). This is quite similar to estimates of
9.8 km? surface area and 0.65 km?® volume based on radio-echo sounding data (MagnUsson et al., 2012). This estimated lake
will fill both overdeepened troughs, with maximum depth almost doubling from 128 m to 210 m (Table 1; Fig. 5). Though
there are small areas ~5 m a.s.l. near the northern and southern lake shorelines, the rest of the basin is surrounded by higher-
elevation terrain and up to 30 m-high moraines, so the lake will likely only expand westward towards the retreating glacier
terminus. Uncertainties were estimated by calculating surface areas and volumes for lake surface elevations of -15m and 5 m
(an interval that captt ertical uncertainties of + 20 m for radio-echo sounding datasets). ESSHRgEREMERRUSHEHTEED
oS EEEEyEI2000=2020 o tc of 38 m a*and occurs at a uniform pace across the glacier front (as a
simple straight line across the terminus), Fjallsjokull’s terminus will become partially land-based after 2070. The lake-
terminating section will progressively narrow as the lake expands into the northern overdeepening, with the glacier completely

withdrawing from the lake around 2110 (Fig. 5).

4.5. Mass movement potential and glacial lake outburst flood threat

Three sections of the valley walls > Fjallsjokull have slope angles >30° with vertical relief >200 m, giving them
a high topographic potential to EliGERmessMMOVERIEAL. These zones are located on slopes beneath the peaks of
Midaftanstindur and Eydnatindur (part of Breidamerkurfjall) and Zrfjallshéfud (part of Zrfjall) (Fig. 7). Though the valley
walls have not been comprehensively geologically or structurally mapped, remote sensing and field observations reveal that
they are primarily composed of rock with little or no overlying soil or sediment. No evidence of previous mass movements

appears on Fjallsjokull in aerial photos (Landmalingar islands, 2022; Loftmyndir ehf., 2022).
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Figure 7. Map of slope angles on subaerial terrain in study area. Delineated zones show areas in valley walls above Fjallsjokull with
slope angles >30° and vertical relief >200 m, indicating high topographic potential to source mass movements. IslandsDEM basemap
with slope shading in ArcGIS Pro (Landmeelingar Islands, 2021).

Midaftanstindur, Eydnatindur, and /rfjallshéfud are 1100 m, 3200 m, and 4500 m, respectively, from the 2021
glacier terminus, so a mass movement event would travel across the glacier surface to reach the lake (Table 2). However, if
Fjallsarlon evolves according to the estimated timeline (based on annual average terminus retreat rates of 38 m a%),
Midaftanstindur will be situated directly above the lake beginning around 2050 (Fig. 5). After the lake reaches its estimated
maximum extent around 2110, a mass movement event from Eydnatindur would travel 400 m to reach the shoreline, while
one from Arfjallshéfud would travel 1700 m to the lakeshore (Table 2). Maximum vertical fall height for mass movement
events from the three zones will increase as Fjallsjokull retreats. The highest point on Midaftanstindur is 490 m above the 2021
glacier surface, an elevation that will increase to 600 m above the future lake surface. Maximum vertical fall heights for
Eydnatindur and Arfjallsh6fud will increase from 520 m and 370 m above the 2021 glacier surface to 800 m and 870 m above
the future lake surface, respectively. For a mass movement that enters the lake, the H/L ratio and angle of reach are highest for
Midaftanstindur, followed by Eydnatindur and Arfjallsh6fud, and will increase in each zone as the glacier retreats and the lake

expands. The H/L ratios range from 0.18-1.2, while angles of reach are between 10° and 50° (Table 2).
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5 Zone
Topographic parameter
Midaftanstindur Eydnatindur Zrfjallsh6fud
Maximum vertical height above glacier
8 & g 490 520 370
s surface (m)
o
o Horizontal distance from zone to glacier
e ; & 1100 3200 4500
© terminus (m)
p- H = 600 H = 800 H = 870
S H/L ratio from zone to glacier terminus L=1600 L=4100 L =4900
B H/L=0.38 H/L=0.20 H/L=0.18
7]
§ Angle of reach (fa-hrbijsch.ung) tor H/L ratio 210 11° 10°
b from zone to glacier terminus (°)
Horizontal dist. bet highest and
orizontal distance ? ween highest an L0 900 400
lowest zone boundaries (m)
° Maximum vertical height above estimated
£ o : 600 800 870
v & future lake surface (m)
Q
= N v e
© 2 |Horizontal distance from zone to lakeshore
% £ 0 400 1700
¢ a |
‘E'g H =600 H =800 H =870
S & |H/Lratio from zone to lakeshore L =500 L=1300 L=2100
% g H/L=1.2 H/L=0.62 H/L=0.41
-
-E £ |Angle of reach (fahrbéschung) for H/L ratio . . "
7] 50 32 22
w from zone to lakeshore (°)

Table 2. Topographic parameters to assess potential for mass movements to enter Fjallsarlén from the three identified zones for
2021 glacier and lake positions (white shading) and estimated glacier and lake positions in ~2120 when Fjallsjokull is projected to
have retreated completely from the lake (green shading).

5. Discussion
5.1. Lake bathymetry, volume, and evolution

The multibeam sonar survey provided a higher-resolution dataset for the bed DEM than was previously reported for
Fjallsarlén from radio-echo sounding surveys and weighted rope point measurements, though volume differences between
methods were within calculated uncertainties. This more detailed bathymetric map can be used for future studies on glacial
erosional processes (i.e. overdeepening formation), depositional features (i.e. identifying subaqueous landforms), and the role
of bathymetry in lake—terminus interactions (i.e. calving processes) (Purdie et al., 2016; Minowa et al., 2023).

Given the challenge of surveying glacial lakes in often remote and mountainous environments (Peng, 2023;
Ramsankaran et al., 2023), many lake volumes are estimated with models based on ice thickness and proglacial and subglacial
topography (Carrivick et al., 2022; Colonia et al., 2017; Frey ¢ 2010; Grab et al., 2021; Linsbauer et al., 2016; Magnin et

al., 2020; Otto et al., 2022). Other studies (NGNSl e S aoESHaEGINS
(Huggel et al., 2002; Loriaux and Cassassa, 2013; Cook and Quincey, 2015). However, both models and equations are highly
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uncertain in estimating volume, especially in overdeepened basins (Cook and Quincey, 2015; Mdlg et al., 2021; Kapitsa et al.,
2023). Our bathymetric data offered an opportunity to test sonar scanner-derived volumes with a selection of empirical
equations developed from lakes with similar sizes as Fjallsarlon (Table 3). Percent error between sonar scanner-derived volume
and equation-predicted values varied from -13 to 16%, indicating fairly good agreement. However, this uncertainty also
supports conclusions that equations do not accurately represent all glacial lake settings—particularly lakes such as Fjallsarlon
that are in overdeepened basins and are not moraine- or ice-dammed. This illustrates the importance of directly measuring

bathymetry to calculate volume and the need for more field-based datasets from overdeepened basins§

Percent error (%)
Study Equation Calculated volume| (defined as: ((calculated volume-
(V = volume; A = surface area) (km3) measured volume)/(measured
volume)) * 100)
This study Measured volume (from sonar 0.19 N/A
scanner survey)
Cook and Quincey (2015) V =0.1746 * A13725 0.18 -4.7
Huggel et al. (2002) V =0.104 * A4 0.22 16
Loriaux and Casassa (2013) \/=N7933 * A13324 0.16 =13

One source of uncertainty in past and future lake volume calculations is how much sediment infill occurs since sonar
scanner surveys map the lake floor, not necessarily bedrock. Sediment thickness and sedimentation rate in Fjallsarlén are
unknown and would require coring to determine, and they may h nanged over time, adding uncertainty to calculated lake
volumes. Sediment influx could also increase under future @il due to greater subglacial meltwater runoff and
erosion and/or supraglacial material sourced from mass movement events onto the glacier surface (Schomacker, 2010;
Carrivick and Tweed, 2021; Ballantyne, 2022). Increased sediment input can decrease basin volume and thus lake storage
capacity, so future lake volume estimates should be considered as maximum values (Magnin et al., 2020; Emmer et al., 2022;
Steffen et al., 2022; Hosmann et al., 2024). Another unknown factor in future lake volume estimates is surface elevation of the
Fjallsa river outlet (Purdie et al., 2016). However, Fjallsa base level is controlled by sea level, which is only 5 m below the
current lake surface elevation—so while lake outlet geometry could lower via incision, this 5 m difference is captured in the

uncertainty range of future volume estimates.

5.2. Future glacier evolution and lake—terminus interactions

Many factors contribute to glacier retreat and advance rates, including climate, ice velocity, subglacial topography,
and lake—terminus interactions (Adalgeirsdéttir et al., 2011; Cook and Swift, 2012; Dell et al., 2019; J6hannesson et al., 2020).
Thus, future glacier terminus evolution should be considered as a first order estimate. Numerous studies have projected future

evolution of glaciers in Iceland, though results vary significantly depending on model spatial scale (global, Iceland, or ice cap),
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emission scenarios, and type of ice flow model. Nonetheless, all models project at least an 18% volume loss for Vatnajokull
by 2100 (Schmidt et al., 2020; Compagno et al., 2021; Rounce et al., 2023). In addition to climate scenarios and consequent
surface mass balance, future glacier evolution is also controlled by meltwater runoff, subglacial water infiltration, calving,
lake-induced melting at the terminus, and subglacial geothermal melting—which are not all captured in every model
(J6hannesson et al., 2020; Schmidt et al., 2020). Given this complexity, projecting volume change and retreat rate for
Fjallsjokull specifically will require modelling at the individual outlet glacier scale. This has previously been done for another
Vatnajokull outlet glacier, Hoffellsjokull, indicating a ~30% volume loss by 2100 (relative to its 2010 volume) if average
climate conditions from 2000-2009 continue, with the glacier nearly disappearing by 2100 under projected temperature
increases of 1°-3°C (Adalgeirsdottir et al., 2011). However, usual simplifications in dynamic ice flow models are not suited
for the complex topography of Fjallsjokull due to its narrow outlet, steeply sloping bed, and relatively thin, highly crevassed
ice flow over undulated bedrock.

Another uncertainty in future glacier and lake evolution is lake—terminus interactions. When Fjallsjokull enters the
northern overdeepened trough, maximum lake depth will nearly double from its deepest point in 2021. This will increase the
surface area at the glacier front that is in contact with lake water, increasing melt. Deeper water will also increase torque and
buoyancy forces at the terminus and thus calving rates. This, in turn, may reduce effective pressure and longitudinal stress,
increasing ice flow and resulting in glacier thinning (Motyka et al., 2002; Benn et al., 2007; Dell et al., 2019; Baurley et al.,
2020; Carrivick et al., 2020; Sutherland et al., 2020; Minowa et al., 2023). Increased lake depth and buoyancy force could also
float the glacier tongue, eliminating basal friction at the glacial bed and increasing ice flow velocity and thus thinning,
crevassing, and ice disintegration (Motyka et al., 2002; Benn et al., 2007; Boyce et al., 2007; Baurley et al., 2020; Main et al.,
2022). Terminus flotation has occurred at Heinabergsjokull and Hoffellsjokull, other Vatnajokull outlet glaciers
(Adalgeirsdattir et al., 2011; Gudmundsson et al., 2019).

Even if calving rates increase, the lake-terminating glacier front will become narrower as Fjallsjokull retreats into the
northern overdeepening, potentially reducing the amount of mass loss through calving (Fig. 5). In 2021, the terminus calving
front was 2.7 km wide. Assuming the glacier and lake evolve at the estimated rates, the calving front will span ~2 km around
2050 and ~1 km around 2080. Moreover, retreat rates will likely vary across the terminus, resulting in different configurations
than the ited simple straight line shapes (Fig. 5). Part of the terminus is projected to become land-based around 2070,
(R @Bt ot a different rate than the lake-terminating front; though our calculated average annual 2000-2021 retreat

rate includes both lake- and land-terminating sections, which may capture these differences.

5.3. Mass movement scenarios into Fjallsarlon

Though three zones of the valley walls above Fjallsjokull have a high topographic potential of sourcing mass
movements, we cannot predict the exact location, volume, or failure plane of an event without comprehensive geological and
structural mapping (McColl, 2012; Hartmeyer et al., 2020). However, several scenarios are possible for mass movements to

enter Fjallsarlon and generate displacement waves or GLOFs (Fig. 8). Given the predominant rock composition of the valley
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345 walls, a mass movement event will likely be a rock slope failure such as a rock fall (with a volume lower than the threshold
for material to flow, causing most material to be deposited near the failure slope) or rock avalanche (with a volume exceeding
the threshold for flow, enabling material to travel away from the source area), with the classification determined by the vertical
fall height (H), horizontal travel distance (L), and angle of reach (Evans et al., 2006; Hungr et al., 2014; Hermanns et al., 2022).
At the estimated future maximum lake extent, the H/L ratio and angle of reach at Midaftanstindur will exceed the thresholds

350 of 0.625 and 32°, respectively, meaning that a rock fall would enter the lake. For all other scenarios (from all three zones in
2021 and Eyonatindur and Zrfjallsh6fud at future maximum lake extent), H/L ratios are <0.625 and angles of reach are <32°,

S0 mass movements must have large enough volumes to classify as rock avalanches in order to reach the lake.
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Figure 8. Scenarios of mass movements entering Fjallsarlén based on glacier and lake positions in 2021 and estimated glacier and
355 lake extents in ~2120 when Fjallsjokull is projected to have retreated completely from the lake. Bed DEM basemap.
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Several factors control mass movement mobility and runout distance and thus whether material will reach Fjallsarldn.
Material traveling across a glacier will have high mobility due to low friction on the glacier surface and frictional melting of
ice, resulting in a greater runout distance (Sosio et al., 2012; De Blasio, 2014; Deline et al., 2022). Fjallsjokull’s surface
gradient in 2021 was approximately 6° along the central flow line for the section down-valley of the three identified zones.
There are numerous global precedents of rock avalanches onto glaciers with similar gradients and angles of reach where runout
distances have exceeded 4500 m, the longest horizontal distance in our scenarios (Sosio et al., 2012; Delaney and Evans, 2014;
Sosio, 2015; Aaron and McDougall, 2019; Ben-Yehoshua et al., 2022; Deline et al., 2022). Increased water content can also
increase rock fall or rock avalanche mobility and thus runout distance. If a failure plane extends from the valley wall under the
glacier, a mass movement event could fracture the glacier and incorporate glacial ice, increasing mobility by reducing friction
between clasts and adding meltwater to the material (Sosio et al., 2012; Deline et al., 2022). Additionally, the large maximum
vertical fall heights at all three zones mean that a rock fall or rock avalanche may transfer enough energy to fracture or melt
the glacier, incorporating ice blocks and water (Byers et al., 2019; Shugar et al., 2021). Vertical fall heights (and thus potential
energy transfer) will increase with projected glacier thinning—though this mass loss will also reduce the ice volume available
to fracture or melt. Given these potential interactions with the glacier, it is possible that a rock fall onto Fjallsjokull could
become mobile enough to transform into a rock avalanche and travel down the glacier to enter the lake.

Out of all scenarios, a mass movement from Midaftanstindur after ~2070 may pose the greatest GLOF threat since
the lake will have expanded beneath the entire mountain by this time, resulting in direct energy transfer to the lake rather than
attenuation during impact and travel across the glacier. For all other scenarios, GLOF threat will also likely increase with
future projected Fjallsjokull terminus retreat. With all other factors remaining equal, decreased horizontal travel distances
between high topographic potential zones and the lake indicate that: 1) a rock avalanche with a smaller volume will be able to
reach the lake; and 2) a rock avalanche will lose less energy along its shorter travel path and transfer more material to the lake
to generate larger displacement waves. However, terrain type along the rock avalanche travel path will also change as the
terminus retreats, potentially reducing this increased GLOF threat. At the estimated maximum lake extent around 2110, a rock
avalanche from Eydnatindur will travel across 400 m of bedrock terrain to reach the lake, while one from Arfjallshfud will
travel 500 m across the glacier surface and 1200 m across bedrock terrain (Fig. 8). This bedrock terrain will increase surface
friction and eliminate interactions with ice, reducing material mobility and runout distance. Finally, it is important to note that
while three identified zones have high topographic potential of sourcing mass movements, slope failures could occur from
other locations in the valley walls due to structural weaknesses such as faults or fractures or a high degree of weathering.
Moreover, GLOF threat from Fjallsarlon will likely persist after Fjallsjokull retreats from the lake basin around 2110 since
glacial meltwater will continue to drain into the lake, and valley walls will continue to experience paraglacial instability.

A mass movement from the valley walls above Fjallsjokull could be triggered by numerous processes. First,
Fjallsjokull is an outlet glacier of Oreafajokull, which is an active volcano that experiences periodic seismic activity that could
potentially generate a rock slope failure (Keefer, 1984; Einarsson, 2019). Second, extreme precipitation events could trigger

rock slope failures by increasing pore water pressure and adding weight to slopes (Chigira, 2009; Chigira et al., 2013). This
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process triggered a landslide in 2013 onto Svinafellsjokull, another Oraefajokull outlet glacier, that traveled nearly 4 km down
the glacier surface (Ben-Yehoshua et al., 2022). Third, continued glacier retreat and thinning will expose new valley wall
sections to paraglacial processes such as debuttressing, freeze-thaw activity, and crustal rebound stress adjustments, which
could destabilize rock and result in rock falls or rock avalanches. However, one common paraglacial trigger of mass
movements in other environments that is likely not a factor at Fjallsjokull is permafrost thaw. Estimated permafrost distribution
in Iceland is mostly in the northern and central highland regions and above 800—1000 m a.s.l. (Etzelmdiller et al., 2007, 2020;
Czekirda et al., 2019). Back-calculated ground temperatures on valley walls above Svinafellsjokull, which has a similar
climatic setting to Fjallsjokull, indicate that permafrost conditions have not occurred below 1000 m a.s.l. since ~1900 (Ben-
Yehoshua et al., 2022).

Ice avalanches may also pose a threat of triggering a GLOF at Fjallsarlon, as they do at glacial lakes worldwide
(Frey et al., 2010; Schaub et al., 2016; Tang et al., 2023). Ice avalanches can fall from GESHENGIRGRENSYAGIEEIER or resu lt
from changes in glacier dynamics, such as ice velocity increases, deeper or more spatially extensive crevassing, or changes in
glacier hydrology or geometry that alter icl sses and decrease basal friction at the bed (Evans and Clague, 1994; Deline et
al., 2015). While there are no visible@fElillm==® 0N the valley walls, an ice fall occurs ~5 km from the 2021 terminus where
the glacier flows over bedrock steps—a distance that will shorten to ~1.5 km when the lake expands to its projected future
maximum extent around 2110 (Fig. 8). Glacier stress dynamics in this ice fall may change as atmospheric temperatures increase
and the terminus enters deeper water. Additionally, large calving events from the glacier terminus may generate displacement
waves in Fjallsarlén (Cook et al., 2016).

Finally, even if a rock avalanche occurs from the slopes above Fjallsjokull and does not continue into the lake, it
could influence future glacier dynamics by insulating the surface to slow melting (with thicker debris cover), increasing
ablation to enhance melting (with thinner debris cover), changing glacier velocity or sediment transport, or depositing material
on the glacier surface for mobilization by another rock avalanche (Haritashya et al., 2018; Bessette-Kirton and Coe, 2020;
Deline et al., 2022). Thus, projecting the location and dynamics of potential mass movements onto Fjallsjokull is important

even if they do not enter Fjallsérlon.

5.4. Glacial lake outburst flood threat and potential impacts

Even if a rock fall, rock avalanche, or ice avalanche enters Fjallsarlon, it will not necessarily generate a displacement
wave, and it will only trigger a GLOF downstream if waves exit the lake basin. Displacement wave propagation dynamics and
runup height depend on mass movement velocity, volume, geometry, and lake entry angle; lake bathymetry and shoreline
geometry; and whether the wave travels as a single wave or seiche wave (repeated waves in the basin) (Romstad et al., 2009;
Westoby et al., 2014a; Oppikofer et al., 2018). Given the current level of knowledge, we cannot accurately predict displacement
wave behavior—only impacts of potential runup wave scenarios.

Though Fjallséarlén is not moraine-dammed, moraines surround most of its shoreline. Displacement waves exceeding

~25 m high would overtop the tallest moraines, potentially continuing as a GLOF downstream. Waves could also incise the
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moraines to create a lower-elevation breach for subsequent, smaller waves to exit (Hubbard et al., 2005; Evans et al., 2006;
Emmer and Vilimek, 2013; Westoby et al., 2014a). Displacement waves of any height could exit the lake via the Fjallsa outlet,
which forms a topographic low point along the shoreline. If a mass movement enters Fjallsarlon, the greatest distance for
displacement waves to travel between any points along the 2021 lake shoreline is ~2.5 km, which will increase to ~6 km at
estimated future maximum lake extent around 2110. Mass movement-triggered displacement waves have exceeded 25 m high
and traveled more than 6 km at lakes with similar sizes to Fjallsarlén, including in Iceland (Gylfadéttir et al., 2017) and Canada
(Roberts et al., 2013), indicating that (though dependent on mass movement characteristics) waves could realistically exit the
Fjallsarlon basin and drain in a GLOF.

A displacement wave or GLOF at Fjallsarlon could have a significant societal impact. If overtopping or breaching
occurs at the moraines on the eastern lakeshore, floodwaters could inundate a visitor center and parking lot approximately 300
m downstream, as well as hiking paths in between. A displacement wave with a runup height of even 1 m could impact people
on the shoreline, which is a popular viewpoint and the launch site for boat tours on Fjallsarlon. If a wave surged through the
lake outlet to drain along the Fjallsa river, it would travel only ~1 km before reaching a bridge along Route 1 (Fig. 9). This is
Iceland’s main road and the only land transport and supply connection between east and west Iceland on the south coast, so
damage to the road or bridge could have significant economic and tourism impacts not just at Fjallsjokull but at a regional
scale (Welling et al., 2020; Welling and Abegg, 2021). Moreover, these infrastructure and visitor sites are concentrated on the
eastern edge of the lake, which is roughly perpendicular to the direction from which a mass movement from any of the three
identified zones would enter Fjallsarlon, and displacement waves tend to be highest when they approach perpendicular to a
location (Frey et al., 2018; Hermanns et al., 2022).

A GLOF from Fjallsarlon would also significantly impact the landscape. Based on Fjallsjokull’s proglacial
geomorphology and impacts observed in similar depositional settings, an outburst flood would likely erode channels in
sediment (including enlarging the Fjallsa outlet), transport moraine and sandur material, and deposit boulders, gravel bars,
and/or sediment fans (Kershaw et al., 2005; Russell et al., 2006; Wilson et al., 2019; Chandler et al., 2020; Wells et al., 2022).
This material redistribution could damage or destroy roads, trails, the bridge, the parking lot, and the tourist center, leaving a

long-term geomorphologic legacy after floodwaters receded (Fig. 9).
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Figure 9. Map illustrating potential societal and landscape impacts of mass movement-triggered displacement waves and/or GLOFs
in Fjallsarlon based on 2021 and estimated 2120 glacier and lake positions. Bed DEM basemap. Photos A—C correspond to locations
marked on the map: (A) View looking northeast towards the visitor center, parking lot, and Route 1. (B) View looking west towards
Fjallsjokull showing hiking trails and boat launches along the lakeshore, with high topographic potential zones marked. (C) View
looking southwest across the proglacial landscape showing moraines and outwash sediments.

Though a comprehensive risk and hazard assessment is beyond the scope of this study, our results provide information
that can contribute to developing one. Lake bathymetry and identification of potential mass movement source areas are crucial
input datasets for modelling displacement wave propagation and dam breach scenarios (Harbitz et al., 2014; Worni et al., 2014;
Haritashya et al., 2018; Lala et al., 2018; Mergili et al., 2020; Sattar et al., 2021; Rinzin et al., 2023). Additionally, lake extent,
volume, and proglacial topography serve as inputs for numerical hydraulic modelling to simulate flood routes and dynamics,
which can help predict geomorphologic impacts—for example, zones of erosion versus deposition and the type of material
involved—to prepare for repair and clean-up efforts (Westoby et al., 2014b; Allen et al., 2022; Geertsema et al., 2022; Sattar
et al., 2023). Finally, this study identifies three zones with high topographic potential of mass movements to prioritize for
geological and structural mapping and monitoring, perhaps following approaches at unstable slopes at other locations (Purdie
et al., 2015; Kos et al., 2016; Hartmeyer et al., 2020; Svennevig et al., 2020; Lacroix et al., 2022; Ben-Yehoshua et al., 2023;
Moragues et al., 2024). Taken together, this research can help local and national authorities to develop risk assessments, plan
future infrastructure and tourism access, and communicate this new, emerging hazard to locals and visitors (Stewart et al.,
2016; Strzelecki and Jaskdlski, 2020; Matti and Ogmundardottir, 2021; Welling and Abegg, 2021; Matti et al., 2023).
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6. Conclusions

Fjallsarlon has significantly expanded since it was first mapped in 1945, increasing in surface area by 3.4 km? and in
volume by 0.18 km3to cover 3.7 + 0.050 km? and contain 0.19 + 0.0036 km?® of water by 2021. Over the same time interval,
measured maximum water depth increased from 32 m to 128 m as the lake expanded into an overdeepened basin. Sonar
scanner-derived lake volumes generally match those estimated from radio-echo sounding surveys and weighted rope point
measurements, indicating good agreement between met However, differences are greater when sonar scanner-derived
volumes are compared with those calculated from Eiiililkemssd8l0me, calling for more field measurements to refine equations,
especially from lakes in overdeepened basins.

If Fjallsarlon maintains its 2020 surface elevation, the lake will reach a maximum surface area of 9.7 + 1.5 km? and
volume of 0.64 + 0.18 km?, fill the rest of the southern overdeepened basin, and occupy the northern trough, increasing its
maximum depth to ~210 m. Though Fjallsjokull’s future behavior has not yet been modeled at an outlet glacier scale, regional-
scale glacier evolution projections indicate that Vatnajokull will continue to lose mass under all emission scenarios (Schmidt
et al., 2020; Compagno et al., 2021; Rounce et al., 2023). Assuming that terminus retreat continues at the 2000—2021 rate,
Fjallsjokull will retreat out of the lake basin around 2110, with sections of its terminus becoming land-based after ~2070.
Glacier retreat into the northern overde ng will likely increase ice loss due to greater calving rates and subaqueous melting,
which—along with projected GliiiiaiEhmeammili§ —vill increase ice thinning and velocity and potentially cause flotation of the
glacier tongue. However, numerous factors control future glacier and lake evolution; thus, projections made here should be
considered as a first order estimate (though likely a minimum rate) rather than a realistic timeline for retreat.

Three zones on the valley walls above Fjallsjokull have a high topographic potential for sourcing mass movements
due to slope angles >30° and vertical relief >200 m: the slopes beneath Midaftanstindur, Eydnatindur, and Arfjallshofud.
Based on 2021 lake extent, a rock avalanche from these zones would travel between ~1100 m and ~4500 m before entering
Fjallsarlén, which is realistic given increased mobility from reduced friction of the ice surface and likely incorporation of
meltwater. A mass movement from Midaftanstindur poses the greatest threat of triggering a GLOF since it is situated closest
to Fjallsarlén, and a rock fall or rock avalanche after ~2050 could directly enter the lake. GLOF threat will also likely increase
from Eyonatindur and Zrfjallshofud as Fjallsjokull retreats, with rock avalanche travel distance to the lake decreasing to ~400
m and ~1700 m, respectively, at estimated maximum lake extent. However, material will flow over higher-friction bedrock
terrain, potentially reducing runout distance.

If a rock fall, rock avalanche, or ice avalanche enters Fjallsarlén, displacement waves with runup heights as low as 1
m could impact visitors and boats on the shoreline. If runup heights exceed ~25 m, waves could overtop and/or incise the
highest moraines on the lake’s eastern shore, inundating the tourist center and parking lot ~300 m downstream. Displacement
waves could also exit the lake through the Fjallsa river outlet and continue as a GLOF ~1 km to Route 1 road and bridge. These

scenarios could significantly impact human security, infrastructure, and transportation connections, with societal and economic
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effects extending throughout the region. A GLOF would also erode and redistribute large quantities of sediment and moraine
material, leaving a long-term geomorphologic legacy.

Mass movement-triggered =s will likely pose a greater threat at other proglacial lakes in Iceland and Arctic and
alpine regions worldwide as @il continues. Measuring lake bathymetry, quantifying past lake change, and
projecting future lake evolution are crucial for understanding how glaciers, hydrology, and landscapes respond to climate
change. This is especially important in regions like southern Vatnajokull where visitor numbers and infrastructure development
are increasing, and future planning should assess risk from these emerging hazards to mitigate societal impact. Results from
Fjallsarlon can inform studies at similar sites in Iceland, as well as other glaciated regions across the globe.
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