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Abstract. Landslides in glacial and periglacial environments are increasingly affected by climate change, with
sudden failures reported in high mountain regions and the Arctic. The complex mechanisms behind these events
are often poorly understood due to a lack of dense in situ data. We investigate two slow-moving landslides in
Arctic Norway (70◦ N), the Jettan and Gámanjunni landslides, located about

::::::::::::
approximately

:
10 km apart, with

Jettanbelow
:
:
:::::::
Jettan,

::
a
::::::::
complex

:::::
slide

::
in

::::::::::
micaschist

::::
and

:::::::
calcite

::::::
marble

::::::::
situated

::::::
below

::::
the

::::::::::
permafrost

::::::::::
boundary,5

and Gámanjunni,
::
a
:::::::::
rotational

:::::
slide

::
in
::::::::::

micaschist
::::::::
situated

:
above the permafrost boundary. Using over a decade of

multi-physics observations, including geodetic, borehole, seismic, and hydrological data, we examine surface and
subsurface deformation. Both landslides display similar seasonal surface velocity patterns, with peaks in spring
and autumn, likely influenced by pore-water infiltration. At Jettan, twelve years of inclinometer data in boreholes
reveal a transition from steady state to seasonal deformation in two shear zones. Since 2020, spring accelerations10

have intensified in years coinciding with deeper snowpacks and associated melt. These observations, together with
statistical modeling, suggest that the shear-band interface is

::::::::::
shear-zones

:::
are

:
becoming increasingly localized and

sensitive to pore-water pressure. Conversely, autumn acceleration is not seen in localized shear zones but manifests
as distributed volumetric deformation. Seismic velocity variations within the landslide body also exhibit seasonal
patterns that correspond with GNSS

:::::::
geodetic

:
velocity, interpreted as changes in landslide rigidity due to water15

infiltration. This integrated analysis of surface and subsurface data offers new insights into the evolving deformation
of Arctic landslides, emphasizing the influence of hydrological forcings on both seasonal and long-term deformation
processes.

1 Introduction

In the past decade, numerous rapidly moving slopes, in some cases undergoing catastrophic
::::::
sudden

:
landslide failure20

with long run-out distances, have been documented in glacial and periglacial environment, including in the high
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mountains of Asia (Shugar et al., 2021), the Swiss and French Alps (Allen and Huggel, 2013), Scandinavia (Frauen-
felder et al., 2018; Kristensen et al., 2021), Iceland (Saemundsson et al., 2007), Greenland (Svennevig et al., 2024; Dai
et al., 2025), and Alaska (Patton et al., 2021). The

::
In

:::::
these

::::::
papers,

::::
the roles of global warming and permafrost degra-

dation are highlighted in these landslides
:::::::
through

:::::::::::
observations

::
of

:::::::::
landslides

::::::::::
originating

::
in

:::::::::::::::::
permafrost-affected

:::::::
slopes,25

:::::
where

::::::::
warming

::::
and

::::::::::::
thaw-related

::::::::::
weakening

:::
are

::::::::::
interpreted

:::
as

:::
key

:::::::::::::::
preconditioning

::::::
factors. The long-term analysis

of inventories of rapid landslides (meter per second) or displacement rates of slow-moving landslides (millimeters to
meters per year)

::::::::::::::::::::::::::::::::::::
(Lacroix et al., 2020; Hungr et al., 2014) has also shown a statistical increase in landslide activity

over time at a regional scale in the Himalayas (Pei et al., 2023) and in northern Scandinavia (Penna et al., 2023a).
The processes linking global warming to landslide activity are complex (Patton et al., 2019), involving a combina-30

tion of ice loading history (Grämiger et al., 2017; Lacroix et al., 2022; Walden et al., 2025), rapid snowmelt or extreme
rainfall events (Ben-Yehoshua et al., 2022), increased permafrost thaw (Donnini et al., 2023; Cardinali et al., 2000;
Gruber and Haeberli, 2007; Hilger et al., 2021)

:
,
::::
and

::::::::
warming

::::::::::
permafrost

:::::::::::::::::::::::::::::::::::::::::
(Krautblatter et al., 2013; Mamot et al., 2018)

. These conditions are becoming increasingly common due to the rising average global temperature, which drives
extreme weather events, especially in the Arctic (Rantanen et al., 2022). The combination of all these factors makes35

it challenging to quantify their individual roles in landslide dynamics. As such, predicting landslide activity in the
Arctic in the context of global warming is highly uncertain.

In recent years, several analyses of geophysical datasets over slow-moving landslides have shown the complex-
ity of landslide dynamics (Lacroix et al., 2020), including the role of fluids on pore-water pressure (Iverson, 2000)

:::::::::::::::::::::::::::::::::::::::::::::::::
(Iverson, 2000; Fiolleau et al., 2023; Bièvre et al., 2018), dilatancy (Iverson, 2005), seepage forces and joint corrosion40

(Aspaas et al., 2024), progressive damage at the shear-band surface (Bontemps et al., 2020)
::::::::::::::::::::::::::::::::::::::
(Bontemps et al., 2020; Watlet et al., 2026)

, and fracturing of the moving mass during its long-term motion (Lacroix et al., 2022)
:::::::::::::::::::::::::::::::::
(Lacroix et al., 2022; Liu et al., 2024)

. All these processes can drive landslide acceleration, exhibiting either seasonal patterns or runaway until system-size
rupture (Handwerger et al., 2025). In Arctic landslides, where changes in precipitation and permafrost conditions
are expected to vary significantly over the coming years (Patton et al., 2019), these different processes have been45

little quantified.
The objective of this study is to analyze the driving mechanisms responsible for acceleration phases and, con-

sequently, the potential triggers of catastrophic
:::::
rapid

:
collapses in Arctic landslides situated near the permafrost

boundary. We examine a unique long-term dataset from two neighboring Arctic landslides in Norway, one of which
has been equipped with intensive surface and borehole monitoring for twelve years. This dataset enables an in-50

depth investigation of internal geological and external climatic factors contributing to slope instability in Arctic
environments.
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2 Data and Methods

2.1 Geological Setting

The Jettan and Gámanjunni landslides are located in Troms County, Northern Norway (Figure 1). The topography55

surrounding the landslides exhibits a rounded relief with erosional (e.g., paleo) surfaces on the plateaus and long,

U-shaped valleys formed during the Quaternary glaciations. The lithology in the area belongs to the Caledonian

thrust sheets, speci�cally the Kåfjord and Vaddas nappes (Andresen, 1988). Table 1 provides a comparative overview

of the properties of the two landslides.

Table 1. Comparison between the two landslides

Inferred thickness Size of instability Mean slope angle Orientation Geology Velocity (GNSS) Altitude (meter

above sea level)

Jettan landslide 45 to 80 meters

depth in bore-

holes

6 million m 3 30� W Garnet-quartz

micaschist with

amphibole-rich

layers, and

alternating calc-

silicate gneiss and

calcitep marble

Mean 8.1 mm/yr

(2021-2025)

650 to 400

Gámanjunni

landslide

�100 meters

depth (SLBL*

modeled)

25 million m 3 32� WSW Alternating

biotite and mus-

covite micaschist

Mean 27.9

mm/yr (2021-

2025)

1100 to 640

*Sloping Local Base Level (SLBL)
:::
from

::::::::::::::::::
Böhme et al. (2016a).

Figure 1. Location of the two landslides, Jettan and Gámanjunni, with their UTM33 GPS coordinates (69 � 33'25.7"N, 20�

24'38.5"E, and 69� 28'50.8"N, 20� 34'10.2"E, respectively). a) Map of Scandinavia, the Arctic Circle, and the location of the

landslides east of the city of Tromsø
::::::
(Credit:

:::::
Esri). b) A zoom-in of the two landslides highlights their spatial distance of less

than 10 km
::::::
(Credit:

::::::::::
Kartverket).
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2.1.1 Jettan Landslide60

Figure 2. Map
::::::::
Overview of the Jettan landslide

:
.
::
a)

:::::
Map

:
showing key morphological features and instrument locations

::::::
(Credit:

:::::::::::
Kartverket). Gray arrows represent mean surface velocities (mm/yr) derived from GNSS data, while white arrows

indicate borehole
::::
shear

:::::
zone displacements from the di�erential monitoring system (BH), both averaged over the period

from 01.01.2021 to 12.08.2025. Arrow dimensions are scaled proportionally to velocity magnitude, with values annotated

in parentheses. Borehole BH-2 displays two arrows corresponding to distinct shear zones.
:::
The

:::::
blue

::::
solid

::::
line

:::::::
indicates

::::
the

:::::::
elevation

:::::
above

::::::
which

:::::::::
permafrost

::
is

::::::
highly

::::::::
probable

::::::::::::::::::
(Magnin et al., 2019).

:
White contour lines denote 100-meter elevation

intervals.
:::::::
Hillshade

::::::
based

::
on

::::::::::
Høydedata

:::::::::::
(Kartverket).

:
Time series plots include GNSS-derived surface velocities

:::::
display

:::
b)

:::::
GNSS

:::::::
velocity

:
and

::
c)

:
meteorological parameters

:::
time

:::::
series

:
over the past decade, smoothed using .

::::
The

::::::
GNSS

:::::::
velocity

::
is

::::::::
calculated

:::
by a

:::::
linear

::::::::
regression

::::
over

::::
one

:::
day

::::
and

::::::::
smoothed

:::
by

:::::::::::::
down-sampling

::
to

:
30-day median for GNSS

:::::::
intervals,

:::::
while

:::
the

::::::
rainfall,

:::::::::
snowmelt,

:
and

::::
total

:::::::::::
precipitation

::
is

::::::::::::
down-sampled

::
to 30-day cumulative sums for rainfall and snowmelt

:::::::
intervals.
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The Jettan active landslide is situated along the Lyngsfjorden fjord and is one of several landslides on the Nord-

nesfjellet's west-facing slope (Figure 2). It slides at an average velocity of up to 12 mm/yr along an average slope

of 30� , and includes cli�s of up to 40 meters in height (Braathen et al., 2004). The landslide extends from approx-

imately 200 to 900 meters above sea level and is bounded by two active back-scarp fractures. The volume of the

active landslide is estimated to be six million cubic meters (Blikra et al., 2015). The annual theoretical probability65

of failure has been estimated to be between 1/100 and 1/1000 (NGU, 2025; NVE, 2024; Hermanns et al., 2013). If

it fails abruptly, it could cause a devastating tsunami in the fjord below.

The rocks consist of garnet-quartz-mica schists with amphibole-rich layers in the lower parts of the front of the

landslide and layers of alternating calc-silicate gneiss and calcite marble in the uppermost part of the landslide

of the Nordmannvik Nappe (Zwaan et al., 2006; Skrede, 2013). The nappe unit exhibits high strain and several70

internal thrust faults. The Jettan landslide is located within one of these faults (Andresen, 1988). The rocks display

a distinct foliation dipping approximately 20 � towards the west, and two dominant fracture sets are striking NE-SW

and ESE-WNW (Braathen et al., 2004; Skrede, 2013; Vick et al., 2021). The back-scarp is approximately 750 m long,

starting in the north with a 100 m high cli� segment, then gradually reducing to sinkhole lineaments in the middle,

and further steep slopes on the south side. Several geological sub-units show evidence of ductile deformations, such75

as garnet-quartz-mica schist with blastomylonites and calc-silicate gneiss lenses that contain boudins of amphibole

and calcite marble up to tens of meters long (Skrede, 2013). Electric resistivity and refraction seismic data suggest

that the rocks are fractured to approximately 50 meters depth and indicate possible sporadic permafrost (Rønning

et al., 2008). Temperature measurements in three 100-meter-deep boreholes within the landslide display positive

temperatures ranging from 2� to 4� Celsius. In contrast, measurements from temperature sensors in the open back-80

fracture adjacent to borehole BH-1 indicate subzero rock-wall temperatures during parts of the year and the presence

of multi-year ice at the fracture bottom (Blikra et al., 2015), despite the landslide being located below the modeled

permafrost boundary (Magnin et al., 2019).

Drill core logs show narrow shear zones in the boreholes. In two out of three boreholes, clays have been detected

in the shear zone (Ganerød, 2013, 2014). Analyses of optical televiewer data show that the entire borehole contains85

fractures. In all boreholes, fractures at the depth of the shear zone dip westward towards the fjord, with angles of

approximately 15� in boreholes BH-1 and BH-3 and between 55� and 75� in BH-2 (Elvebakk, 2013, 2014).

2.1.2 Gámanjunni Landslide

The Gámanjunni landslide lies within the Manndalen valley, which contains several landslides and large rock

avalanche deposits along its west-facing mountain slope (Figure 3). It slides at an average velocity up to 40 mm/yr,90

on an average slope of 33� . The landslide consists of a large fractured block that extends from approximately 640 to

1100 meters above sea level and is bounded by the back-scarp, which consists of two surfaces forming a wedge. The

volume of the landslide is estimated to be 25 million cubic meters (Böhme et al., 2016b). The annual theoretical

probability of failure is more than 1/100 (Geological Survey of Norway (NGU), 2025; NVE, 2024; Hermanns et al.,
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2013). Upon sudden failure, the landslide could potentially dam the river below, which may cause a devastating95

�ood if this dam were to fail.

The rocks consist of micaschist from the Kåfjord Nappe, characterized by a higher proportion of biotite than

muscovite, with amphibole-rich layers and lenses. One of the internal thrust faults from the nappe unit is located

in the valley below the Gámanjunni landslide (Böhme et al., 2016b; Quenardel and Zwaan, 2008). There are two

fracture sets in the area, striking WNW-ESE and NE-SW. The foliation is dipping on average 8� towards 312� .100

The back-scarp is dipping on average 51� towards 217� on one side and 58� towards 305� on the other side. The

surfaces are very well developed and show progressive failure of rock bridges between the foliation layers (Böhme

et al., 2016a). Electric resistivity data suggest an approximate thickness of 10 to 20 meters of highly fractured rocks

(Böhme et al., 2016a). The landslide lies above the modeled permafrost boundary (Magnin et al., 2019), and potential

permafrost extent ranges from small areas near the top plateau (Böhme et al., 2016a), down to elevations of about105

800 meters above sea level, and may include a subsurface layer thickness of 30�50 meters within the landslide mass

(Hauck, Christian and Hilbich, Christin, 2018; Etzelmüller et al., 2022).

2.2 Geophysical Monitoring and Processing

The Norwegian Water Resources and Energy Directorate (NVE) manages the early warning systems for the two

landslides. The Jettan and Gámanjunni landslide monitoring systems have been improved over time with several110

instruments added over the years. The Jettan landslide dataset consists of a wide range of instruments that measure

displacement, groundwater level, seismic activity, and meteorology (for additional information, see Table A1). The

Gámanjunni landslide dataset is limited to surface displacement and meteorological data, with no borehole or seismic

measurements available to constrain subsurface conditions (for additional information, see Table A2). Borehole

installations at the Jettan landslide site proved technically challenging, while at the Gámanjunni site, drilling was115

not undertaken due to prohibitive costs.

2.2.1 Surface Displacement Data

The Global Navigation Satellite System (GNSS) sensors are spatially distributed on the two slopes, with ten and

eight instruments for the Jettan and Gámanjunni landslides, respectively. For both landslide sites, relative position-

ing is employed using a reference GNSS receiver located on stable ground, within 0.5 km of each landslide. The120

data are post-processed in 12-hour intervals to derive surface displacements with millimeter-level precision (� =

0.6 mm), as estimated by Cautus Geo, the company that supplied the Trimble equipment and performed the time

series processing. To reduce the noise associated with height measurements, we utilized the northing and easting

components to construct two-dimensional displacement vectors. At the Gámanjunni landslide site, the initial refer-

ence receiver was not installed on stable ground, which rendered the data unreliable, while the subsequent reference125

station was a�ected by ice accumulation that degraded the signal from 28.12.2021 to 07.02.2022. Consequently, only
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