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a b s t r a c t

Assessing initiation of rock-slope deformation and paleo-slip rates of rockslides is important to under-
stand the impact of climate variability - in particular permafrost changes - on rockslide activity. Norway,
with 6e6.5% permafrost cover today, continues to experience spatial and temporal variations in
permafrost. We assess the timing of deformation initiation and potential late Pleistocene and Holocene
sliding rates for six active gradually deforming rockslides in Norway using terrestrial cosmogenic nuclide
dating. We evaluate the timing and rates of deformation considering a possible climate control by
modelling the permafrost evolution since deglaciation for three rockslide locations: Mannen, Revdalsf-
jellet and Gamanjunni 3. Deformation at these sites started during or at the end of the Holocene Thermal
Maximum (HTM), between 8 and 4.5 ka when permafrost in those regions was mostly degraded. At two
low elevation sites, Oppstadhornet and Skjeringahaugane in western Norway, where permafrost
remained absent during the Holocene, deformation started shortly after deglaciation. The timings sug-
gest that the presence of permafrost in Norwegian rock slopes had a stabilizing effect over several
millennia after deglaciation. Vertical transects of exposure ages along outcropping sliding surfaces
indicate that pre-historical sliding rates seem to have decreased throughout the Holocene at all analysed
rock-slope instabilities. However, modern measured sliding rates at four sites indicate a moderate to
strong acceleration, compared to previous deformation rates. Three of these sites are located above or at
the lower limit of alpine permafrost, where recent permafrost degradation may enhance slope desta-
bilisation. The implication is that slope failures may become more frequent during accelerated warming
in the Arctic and Subarctic.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In previously glaciated mountain ranges, rock-slope failure
processes such as large gradually deforming rockslides and cata-
strophic rock avalanches contribute significantly to paraglacial
landscape response and evolution (Ballantyne, 2002). In these re-
gions, slope instabilities often pose a direct or indirect threat to the
population and infrastructure in inhabited areas (e.g. Grimstad and
Nesdal, 1991; Guzzetti, 2000; Hancox et al., 2005; Hermanns et al.,
tal Science, Western Norway
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2012), where a comprehensive risk-assessment is essential. How-
ever, the prediction of rock avalanches remains difficult even in
aseismic regions owing to the large number of non-linearly altering
parameters affecting rock-slope stability (e.g. Eberhardt et al.,
2004; Jaboyedoff and Derron, 2005, Gunzburger et al., 2005). It
has been shown in Norway and the European Alps that there can be
a close relation between long-term slope deformation and rock
avalanches (e.g. Braathen et al., 2004; Ostermann and Sanders,
2017). This is supported by the theory of progressive failure,
which was initially introduced for ‘slope creep’ mechanics in soils
(Terzaghi, 1950; Haefeli, 1953) and has been adapted for rock
masses (e.g. Cruden, 1971; Eberhardt et al., 2004). It describes a
non-linear ‘creeping’ development of unstable bedrock slopes with
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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potential for sudden acceleration initiating a catastrophic failure
(Eberhardt et al., 2002; Petley et al., 2002, Crosta and Agliardi,
2003; Amitrano and Helmstetter, 2006; Lacroix and Amitrano,
2013; Roberts et al., 2019). Gradually deforming rockslides thus
indicate the location of potential catastrophic rock avalanches and
are therefore mapped systematically in Norway (Oppikofer et al.,
2015; NGU, 2020a).

More than 583 slopes in Norway are characterised as unstable
(Fig. 1), which means that open cracks, sliding surfaces or other
morphological delimitations indicate post-glacial deformation of a
rock mass (Oppikofer et al., 2015). Today, seven rockslides are
monitored continuously by geodetic measurements, while the
deformation of 90 localities is monitored episodically or periodi-
cally (Oppikofer et al., 2015; Blikra et al., 2016; NGU, 2020a). These
seven rock-slope instabilities have been classified as high-risk sites
(Hermanns et al., 2013a) owing to their high degree of deformation,
recent activity, and potential impact on life and infrastructure
(NGU, 2020a).

Assessing the current and future rockslide hazard requires that
internal and external driving factors are identified and evaluated
(Crozier and Glade, 2005; Hermanns et al., 2006). Besides structural
pre-conditions, glacial debuttressing, seismicity, and rock fatigue -
which have been linked to many rock avalanches shortly after
deglaciation (Evans and Clague, 1994; McColl, 2012; B€ohme et al.,
2015b; Hermanns et al., 2017; Hilger et al., 2018) - a potentially
significant parameter is weather and climate variationwith respect
to air temperature, precipitation and snow melt (e.g. Crozier, 2010;
Moore et al., 2011; Blikra et al., 2012; Blikra and Christiansen, 2014).
Precipitation influences the hydrostatic pressure conditions in
steep slopes on day to millennial time scales (Hutchinson, 1988).
Centennial to millennial changes in air temperature affect ground
temperatures to great depths, and thus alter the subsurface ground
thermal regime and permafrost in arctic and high-mountain envi-
ronments. Cool and stable permafrost conditions, with tempera-
tures below �2 �C may stabilise deep rockslides, while warm
degrading permafrost decreases rock stability and effective shear
strength (e.g. Gruber and Haeberli, 2007; Huggel et al., 2012;
Krautblatter et al., 2013). Mechanical rock damage has been linked
to the permafrost table and attributed to repeated cycles of sea-
sonal ice segregation (e.g. Murton et al., 2006; Hales and Roering,
2007). Additional forces acting on permafrost-affected rock slopes
are fluctuating thermal gradients and consequent tensional strains,
volumetric expansion by freezing water in ice-blocked fractures,
and hydrostatic pressure in fractures, which all induce fracturing
and irreversible rock fatigue (Weber et al., 2017; Mamot et al.,
2018). Knowledge of long-term thermal evolution of a rock slope
therefore provides valuable insight into progressive rock defor-
mation and related rockslides and rock avalanches. One approach
to link late Pleistocene and Holocene climatic changes and related
permafrost alterations to rock slope instability is to demonstrate a
correlation between timing of initial deformation or changes in slip
rates to climate events. This is possible with terrestrial cosmogenic
nuclide (TCN) surface exposure dating, which is a useful tool to
directly constrain both the failure timing of rock-avalanches (e.g.
Ballantyne et al., 1998; P�anek 2015; Hermanns et al., 2017) and
variation in sliding velocities of gradual gravitational bedrock
deformation through time (Hermanns et al. 2012, 2013b; Zerathe
et al., 2014). This approach is still undergoing development (Le
Roux et al., 2009; Sanchez et al., 2010; B�re�zný et al., 2018), owing
to the logistical, morphological and computational challenges of
dating geometrically complex near-vertical sliding surfaces of
actively deforming rockslides. In Norway a range of active but
gradual motion on slip surfaces has been established with TCN
dating, lending proof of the applicability and potential of this
approach (Hermanns et al., 2012, 2013b; B€ohme et al., 2019).
2

The objective of this study is to analyse the pre-historical
development of six rockslides distributed over northern and
western Norway to better assess the climatic conditions during
deformation initiation, together with how climatic conditions may
have contributed to a change in pre-historical slip rates. We address
the interplay between the ground thermal regime, specifically
mountain permafrost evolution, and the rockslide history. We
present and integrate previously unpublished chronological data
on three rockslides (Revdalsfjellet 1 and 2 in northern Norway and
Mannen in western Norway), with data of the three previously
published chronologies for the rockslides Gamanjunni-3 in north-
ern Norway (B€ohme et al., 2019), Skjeringahaugane (Hermanns
et al., 2012) and Oppstadhornet (Hermanns et al., 2013b) in west-
ern Norway. We compare those chronological data in the context of
long-term permafrost modelling based on different Holocene
climate reconstructions. Additionally, we assess the thermal evo-
lution at depth, for selected localities (Mannen, Revdalsfjellet and
Gamanjunni 3), and compare the fluctuations with potential sliding
patterns.

2. Setting and study sites

During most of the Last Glacial Maximum (LGM) (26.5-20 ka,
Clark et al., 2009) the Norwegianmainland was completely covered
by the Scandinavian Ice Sheet (e.g. Hughes et al., 2016; Stroeven
et al., 2016). While large parts of the ice sheet were cold-based,
warm-based outlet glaciers modified the pre-glacial landscape
and shaped today’s characteristic fjord and valley system along the
coast (e.g. Kleman, 1994; Hall et al., 2013). During post-Younger
Dryas deglaciation (after 11.5 ka), paraglacial landscape response
initiated along the unbuttressed and oversteepened rock walls of
the valleys and fjords, including supraglacial rock avalanches
(Schleier et al., 2015). High post-glacial rock-fall and debris-flow
activity resulted in extensive colluvial systems along the steep
slopes (Blikra and Nemec, 1998). Additionally, a high density of on-
shore and off-shore rock-avalanche and rockslide deposits, reach-
ing beyond the talus, testify that these are the dominant processes
modifying the conditionally unstable paraglacial landscape (e.g.
Blikra et al., 2002; B€ohme et al., 2015b; Hilger et al., 2018). His-
torical rock-avalanche events and many actively deforming unsta-
ble rock slopes demonstrate ongoing failure activity (Furseth, 1985;
Grimstad and Nesdal, 1991), pre-failure deformation (NGU, 2020a),
and associated risks.

In this study we reconstruct the sliding history of six rockslides:
Oppstadhornet, Skjeringahaugane, Mannen, Revdalsfjellet 1,
Revdalsfjellet 2 and Gamanjunni 3 (Fig. 2, Table 1). They were
selected because of their risk-level and suitability for measuring
paleo-slip rates. Today the climate at all sites is dominated by
maritime humid conditions. The timing of deglaciation at the
elevation of the instabilities ranges from 16 to 10 ka (Table 1),
whereas final deglaciation of the valleys at Mannen, Revdalsfjellet
and Gamanjunni was two to three millennia later. Today, the
Mannen and Revdalsfjellet rockslides lie close to the regional lower
limit of mountain permafrost in steep rock slopes (Magnin et al.,
2019). Gamanjunni 3 reaches into continuous permafrost condi-
tions, while the unstable slopes at Oppstadhornet and Skjer-
ingahaugane lie several hundred metres below recent permafrost
(Steiger et al., 2016; Gisnås et al., 2017; Magnin et al., 2019).

Themost active rockslides today areMannen and Gamanjunni 3,
with measured deformation rates of ~ 2 cm a�1 and up to 6 cm a�1,
respectively. Both sites are classified as high-risk objects consid-
ering their high probability of failure (1/100 to 1/1000 years)
combinedwithmedium potential consequences (Dahle et al., 2008;
Blikra et al., 2016; NGU 2020a), and are monitored continuously
(NVE, 2017).



Fig. 1. Location of study sites and hazard classification of mapped unstable rock slopes in Norway (NGU, 2020a). The characteristic morphology with a sharp edge at the intersection
of the plateau surface and slope indicates post-glacial deformation at most sites. Large circles are sites of the present study. Photos: H. Bunkholt (Revdalsfjellet and Gamanjunni), T.
Oppikofer (Oppstadhornet) and R.L. Hermanns (Skjeringahaugane).
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The Oppstadhornet rockslide exhibits 5e20 m foliation-parallel
offset along a ca. 600 m long backscarp since initial deformation
(Fig. 2a). Several less developed backscarps and open cracks indi-
cate internal deformation of the unstable rockmass (Braathen et al.,
2004). Because of the potentially extremely severe consequences
related to displacement waves, the Oppstadhornet slope instability
is classified as a high-risk object. However, the probability for po-
tential failure remains low to medium because of its low
3

deformation rates <0.5 cm a�1 (NGU, 2020a).
The Skjeringahaugane instability is divided into three segments

(Figs. 2b and 3). Its total volume can only be estimated since the
depths of the underlying sliding surfaces are not known. The upper
�10,000 m2 segment is delimited by an open back fracture, which
is covered with soil and vegetation, suggesting no recent defor-
mation. This is different to the sparsely vegetated �46,000 m2

middle segment, which is broken into large blocks with 10e500m2



Fig. 2. Permafrost probability (data from Magnin et al., 2019) and morphostructures indicating deformation at the study sites Oppstadhornet (a), Skjeringahaugane (b), Mannen (c)
Revdalsfjellet 1 and 2 (d) and Gamanjunni (e; NGU, 2020a). Azimut for artificial light source is 45� in a and 315� in b-e. Note the different scale in e.
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Table 1
Most important characteristics of the studies rock-slope instabilities.

Name Max.
altitude

MAAT MAP Timing of
deglacia-
tiona

Estimated lower limit of
discontinuous permafrost (>50%
prob.)b

Dominating rock
typesc

Foliationc Volumed Hazard
classificationd

Risk
classificationd

m a.s.l. �C mm ka m a.s.l. dip Mm3

Oppstadhornet 750 4e6 2000
e3000

16e14 1400e1600 dioritic to granitic
gneiss

steeply to
moderately towards
fjord

20 Low High

Skjeringahaugane 750 2e4 1500
e2000

11e10 1400e1500 phyllites andmica
shists

15e20� towards
fjord

80e200 Work in
progress

Work in
progress

Mannen 1295 0e2 2000
e3000

14 1300e1400 dioritic to granitic
gneiss

Near-vertical
steeply dipping
towards S

2e114 High High

Revdalsfjellet 1 670 -2e0 1000
e1500

14e12 700e1000 Garnet-mica shist,
quartz-mica shist

sub-horizontal 0.8e7 Medium Medium to
high

Revdalsfjellet 2 <5 Medium High
Gamanjunni 3 1200 -3e1 1000

e1500
15e14 700e1000 Mica-shist sub-horizontal 26 Very high High

a References: Hughes et al. (2016), Stroeven et al. (2016).
b Reference: Magnin et al. (2019).
c References: Tveten et al. (1998), Roberts (2003), Bhasin and Kaynia (2004), Derron et al. (2005), Dahle et al. (2008), Hermanns et al. (2012), Saintot et al. (2012), B€ohme
et al. (2019).

d Reference: NGU (2020a).

Fig. 3. Schematic profile x-y through the Skjeringahaugane instability (Fig. 2b). Sec-
tions A-C represent three segments of the instability with different deformation rates,
also indicated in Hermanns et al. (2012). Transect P1, sampled for 10Be exposure dating,
represents the vertical displacement of segment B relative to the possibly stable sec-
tion A, while the transects P2 and P3 represent displacement of segment C relative to B.
Transect P2 represents this contact in the northeastern part of the instability (dotted
line, cf. Fig. 2b), while P3 represents a subsection along the contact between B and C.
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surface area, separated by deep open cracks (Photo in Fig. 1;
Hermanns et al., 2011). The largest and lowest segment of the
instability is characterised by large open cracks in an otherwise
vegetated area. The lack of soil and vegetation in the cracks in-
dicates recent deformation in both themiddle and the lower part of
the instability. The Skjeringahaugane instability is periodically
monitored but not yet classified for hazard and risk. Recently
measured rates of vertical deformation reach a maximum of 0.3 cm
a�1 (NGU, 2020a). In this study, we present exposure ages along
three vertical transects in the middle part of the Skjeringahaugane
instability (Fig. 3). We have revised and re-calculated six surface
samples previously published by Hermanns et al. (2012) and
complemented these with four new measurements.

The deformation styles and recent activity at the four rock-slope
instabilities Mannen, Revdalsfjellet 1 and 2 and Gamanjunni 3 are
quite similar but different to the other two low-elevations sites. The
most active parts of these rockslides are well delimited by near-
vertical wedge shaped backscarps cutting through the sub-
horizontal, or following the near-vertical foliation (Fig. 1). At
Mannen, rock-slope failure deposits of six to nine distinguishable
events at the bottom of the valley are evidence for a high Holocene
rock-slope failure activity (Hilger et al., 2018). The Revdalsfjellet
rockslides are two adjacent unstable rock masses along the same
5

slope. Valley-parallel cracks in the slope indicate deformation
almost down to the foot of the slope. Recent deformation rates of
0.2e0.3 cm a�1 at Revdalsfjellet 1 are connected to an estimated
maximum volume of 800,000 m3, while the whole instability
comprises up to 7 Mm3. At Revdalsfjellet 2 maximum deformation
rates are 0.4e0.6 cm a�1 (NGU, 2020a). Potential consequences in
case of a failure of any of the two instabilities are classified to be
high. However, because of a low likelihood of failure of <1/5000 per
year, the unstable rock mass Revdalsfjellet 1 is classified as an
instability with medium to high risk. Unlike Revdalsfjellet 2, which
is classified as a high-risk object, as a result of a medium failure
probability of 1/1000 to 1/5000 years together with the severe
potential consequences, such as displacement waves (Blikra et al.,
2016). The Gamanjunni 3 rock-slope instability is located ca. 8 km
east from Revdalsfjellet. The unstable rock mass at Gamanjunni is
highly fractured, yet we observe a coherent sliding block with a
relatively clear delimitation in the lower part of the slope (Fig. 2e).
An up to 150 m long sliding surface separates the sliding block and
its intact palaeo-surface from the original plateau surface (B€ohme
et al., 2016a, 2019).
3. Methods

3.1. 10Be and 36Cl exposure dating

TCN methods have been used to obtain exposure ages on
landslide boulders to date catastrophic rock-slope failure events
with measurement precisions of two centuries on mid-Holocene
deposits in optimal sampling conditions and 2% coefficients of
variation about mean boulder exposure ages (e.g. Hilger et al.,
2018). To circumvent an unknown but possibly significant inheri-
ted concentration in rockslide boulders (Hilger et al., 2019) several
studies have dated the failure scarps of catastrophic rock-slope
failures by sampling cliff bedrock (e.g. Hermanns et al., 2004; Ivy-
Ochs et al., 2009). Recently the TCN method has been used to
date exposed sliding surfaces above gradually sliding blocks to
monitor acceleration or deceleration in sliding rates over the Ho-
locene (e.g. Le Roux et al., 2009; Hermanns et al., 2012; Zerathe
et al., 2014; B�re�zný et al., 2018; B€ohme et al., 2019). The approach
taken is similar to measurements of slip rates along exposed
normal fault planes (e.g. Tikhomirov et al., 2014; Pousse-Beltran
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et al., 2017; Tesson et al., 2019). In the fault slip rate approach,
modelling efforts have focussed on computing the temporary
shielding effect of transient colluvial wedges on the hanging wall.
In the case of gradual gravitational rockslides, because the blocks
often still exist, we can explicitly correct for ephemeral shielding by
that moving block based on field measurements of the shield
geometry.

Using chisel and hammer while on belay we sampled vertical
transects over the sliding surfaces of three rock-slope instabilities
in western Norway (Mannen, Møre og Romsdal) and northern
Norway (Revdalsfjellet 1 þ 2, Troms). Each transect consists of at
least three samples for surface exposure dating. Additionally, we
sampled the plateau surfaces above these transects with one
Table 2
Characteristics and location information for the samples (re-)analysed within this study.
added.

Site Sample name Lat. Long. Elev. Rock type Sample thickness

dd dd m asl cm

O
p
p
st
: Opp-1 62.7 6.83 696 gneiss 3

Opp-4 62.7 6.83 689 gneiss 3
Opp-5 62.7 6.83 687 gneiss 3

Sk
je
ri
n
ga

h
au

ga
n
e Profile 1

SKJ-01 61.44 7.42 779 phyllite 4
SKJ-02b 61.44 7.42 777 phyllite 3
SKJ-03 61.44 7.42 774 phyllite 2
Profile 2
SKJ-04 61.44 7.42 738 phyllite 4
SKJ-05b 61.44 7.42 736 phyllite 4
SKJ-06b 61.44 7.42 728 phyllite 4
SKJ-08 61.44 7.42 725 phyllite 5
Profile 3
SKJ-09 61.44 7.42 757 phyllite 5
SKJ-10b 61.44 7.42 754 phyllite 3
SKJ-12 61.44 7.42 746 phyllite 3

M
an

n
en

MANN-00a 62.46 7.77 1289 quarzite 2
MAN-02 62.46 7.77 1285 felsic gneiss 3
MAN-03 62.46 7.77 1281 felsic gneiss 2.5
MAN-05 62.46 7.77 1274 felsic gneiss 5

R
ev

d
al
sf
je
lle

t
1 RDF-01a 69.46 20.36 645 quarzite 2

REV-01 69.46 20.36 644 gneiss 6
REV-02 69.46 20.36 641 gneiss 5.5
REV-04 69.46 20.36 635 gneiss 2.5
REV-06 69.46 20.36 631 gneiss 2

R
ev

d
al
sf
je
lle

t
2 RDF-03a 69.46 20.36 676 gneiss 3

REV-11 69.46 20.36 675 gneiss 5
REV-13 69.46 20.36 668 gneiss 2.5
REV-16 69.46 20.36 661 gneiss 3
REV-17 69.46 20.36 657 gneiss 3.5

G
am

an
ju
n
n
i3

GAM-01a 69.48 20.58 1200 vein quartz 3
GAM-02 69.48 20.58 1196 vein quartz 2
GAM-03 69.48 20.58 1193 vein quartz 2
GAM-05 69.48 20.58 1180 vein quartz 3
GAM-07 69.48 20.58 1169 vein quartz 3
GAM-09 69.48 20.58 1161 vein quartz 3
GAM-11 69.48 20.58 1154 vein quartz 3
GAM-13 69.48 20.58 1147 vein quartz 1
GAM-14 69.48 20.58 1144 vein quartz 3
GAM-15 69.48 20.58 1138 vein quartz 1
GAM-16 69.48 20.58 1131 vein quartz 3

a Sample from stable flat plateau surface above sampled sliding surface.
b Processed and analysed during this study.
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sample each to correct for pre-sliding exposure history. This dataset
of 14 samples was complemented by recalculated surface exposure
ages for nine samples along four sliding surfaces at Skjer-
ingahaugane, Vestlandet (Hermanns et al., 2011) and Opp-
stadhornet, Møre og Romsdal (Hermanns et al., 2013b). The existing
dataset from Skjeringahaugane was additionally extended with
four new sample measurements, to a total of 10 surface exposure
ages. For comparison we also include data from a recently pub-
lished transect from Gamanjunni 3, Kåfjord area (B€ohme et al.,
2019, Table 1), resulting in a total of 38 presented TCN measure-
ments (Table 2). The fifteen new samples have been analysed for
10Be in quartz, and three for 36Cl in feldspar concentrates. All
samples were processed as described by Hilger et al. (2018) and in
For completion, information about the recently published Gamanjunni samples are

Dip direction/dip Total shielding Sampling year Previously published

degree unitless

0.770 2003 Hermanns et al. (2013b)
0.769 2003
0.768 2003

Hermanns et al. (2012)

115/72 0.704 2008
110/58 0.670 2008
114/55 0.692 2008

122/65 0.699 2008
109/86 0.654 2008
096/68 0.686 2008
111/60 0.724 2008

130/39 0.883 2008
116/34 0.782 2008
117/58 0.702 2008

flat 0.996 2015
017/89 0.511 2009
002/53 0.565 2009
020/65 0.524 2009

230/10 0.998 2015
326/80 0.684 2009
322/62 0.666 2009
315/82 0.652 2009
320/51 0.623 2009

flat 0.998 2015
298/53 0.750 2009
300/59 0.662 2009
310/59 0.662 2009
310/59 0.715 2009

268/08 0.999 2011

B€ohme et al. (2019)

196/67 0.676 2011
209/47 0.836 2011
192/83 0.701 2011

0.671 2011
211/61 0.703 2011

0.850 2011
208/67 0.850 2011

0.850 2011
220/67 0.735 2011
193/76 0.604 2011
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the Supplementary Material, at the Cosmic Ray Isotope Sciences at
Dalhousie University (CRISDal) lab, Halifax, Canada. Accelerator
mass spectrometry (AMS) measurements for 10Be were conducted
at Lawrence Livermore National Lab, California, USA and for 36Cl at
PRIME Lab, Purdue University, USA.

Particular attention was required to compensate for the reduc-
tion of cosmic ray radiation to sampled surfaces caused by shielding
on the near vertical cliffs with complex 3D geometries which
included small overhangs. Our standard protocol is to compute
correction factors for local topographic shielding for each sample
site using high resolution (0.5e5 m) LiDAR data and the MATLAB
shielding calculator for oddly shaped objects by Balco (2014). For
the shielding calculation, we extracted individual areas of interest
(AOI) for each site and created triangulated digital elevationmodels
as 3D objects, representing the area around the sliding surface
(Fig. 4a). Because of computing limitations, the AOI were limited to
60 � 60 to 150 � 150 m, depending on the resolution of the data.
However, sensitivity tests with larger areas did not result in
significantly different results. Within the 3D blocks of the AOI, the
sample locations were placed at depths less than 1 cm (Fig. 4b),
since the sample thickness is considered later in the calculation of
the production rates. Subsequently the shielding was simulated
with 10,000 iterations for each sample. Each iteration represents a
simplified incoming cosmic ray trajectory, randomly selected from
all potentially effective directions (Fig. 4c). The final value for the
topographic shielding for each sample represents the cumulative
average shielding factor generated over the 10,000 iterations
(Fig. 4d). Uncertainty in the shielding correction was estimated by
selecting points in the surface above and below the midpoint of the
sample. On some occasions with irregular surfaces the uncertainty
Fig. 4. Visualisation of the work-flow to derive the topographic shielding on a near-vertical
objects (Balco, 2014): (a) 3D visualisation of the triangulated DEM, (b) sample locations, (c) s
average shielding factor for 10,000 iterations.
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was about 7%, but most were below 5% but asymmetric about the
shielding value for the midpoint.

Preliminary 10Be ages were then calculated with version 3 of the
online exposure age calculator formerly known as the CRONUS-
Earth online exposure age calculator written by G. Balco, 2017 us-
ing the LSDn scaling scheme. The premise is that the TCN con-
centrations measured along the exposed steep sliding surfaces of
the creeping slope instabilities should reflect the timing when the
slide surface was first exposed. The ages should decrease with
elevation down the sliding surface if the slip was gradual, or there
would be sections exhibiting equivalent exposure ages if the
instability failed over one or more episodic events. However, in the
upper 10 m of the top of the cliffs, the gradually exposing steep
sliding surfaces of creeping slope instabilities are influenced by
inherited nuclide concentrations, owing to cosmogenic nuclide
production below the surface before failure along the slip face. This
requires consideration of not only spallogenic production of the
nuclides (and thermal neutron capture for 36Cl) but also TCN pro-
duction by deeply penetrating muons. Rock-slope instabilities in
Norway usually develop at the transition from relatively flat plateau
surfaces to steep glacially-eroded rock slopes (Fig. 5a). At such
plateau surfaces, the distribution of effective incoming cosmic ra-
diation is close to 2p/360�, which it is for horizontal unshielded
surfaces (Fig. 5 center). After deglaciation and before direct expo-
sure by sliding, nuclide production at the sample locations are not
zero (depending in part on the extent of glacial erosion and
shielding over the past million years), but depending on their
depth, exponentially smaller than at the plateau surface (shading in
Fig. 5b). To correct for inheritance, samples were taken from the top
surfaces close to the sampled transects at Mannen, Revdalsfjellet
cliff face with the computer code for estimating cosmic-ray shielding by oddly shaped
implified cosmic ray trajectories, each of which represents one iteration, (d) cumulative



Fig. 5. Illustration of a rock-slope instability at the transition of a plateau surface into a steep rock wall (a), schematic of the position of a top sample (Ctop) and a sample location
along the (potential) sliding surface (bec). Black/White scaling represents the exponential cosmogenic nuclide production at depth, resulting from the effective incoming cosmic
radiation at the surfaces (center of figure).
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and Gamanjunni 3. The 10Be concentrations of these surfaces (Ctop)
indicate the timing of local deglaciation and potentially inherited
concentrations from before the glaciation and allow for the
reconstruction of the pre-failure 10Be or 36Cl concentrations (Cinh)
at depth (approximately exponential). The pre-slide inheritance
concentration will decrease predictably from the top of the cliff
downward, and will be larger correction for recently exposed slide
faces at the top of the cliffs.

Where samples on the plateau were not available, the pre-
failure exposure time for the instabilities at Skjeringahaugane
and Oppstadhornet were estimated considering regional deglaci-
ation reconstructions (Hughes et al., 2016; Stroeven et al., 2016) and
information about the erosional history of Sognefjorden (Andersen
et al., 2018). This seems to be reliable as the Skjeringahaugane
instability lies at the floor of a hanging valley into the former main
ice stream and the Oppstadhornet mountain is the highest top of an
island with smooth surfaces, both suggesting a strong glacial
erosion during the last glacial cycle.

The previously calculated preliminary exposure ages are sub-
sequently used to estimate the time between deglaciation and first
exposure due to sliding at the sample location (Crw) (Fig. 5c). Then,
time-integrated sample-specific production rates were calculated
iteratively, averaging the time and nuclide-dependent production
rates for the corresponding period using the LSD scaling scheme
(Lifton, 2016). Using the production rates for the three different
pathways of 10Be production (Table 3), the depth-dependent pre-
failure 10Be concentration (Cinh) at the sample location was
approximated with the following equation (Gosse and Phillips,
2001):

Cinh ¼ S
�
Pn
l
e
�rdi
Ln
�
1� e�lðttop�trwÞ�þ Pmn

�
…þ Pmf

�
…

�
(1)

where S represents the dimensionless shielding factor at the sur-
face, Pn;mn;mf (atoms g�1 a�1) are the production rates for the three
different pathways, spallation by fast nucleons (n), negative muon
capture (mn) and fast muon reactions (mf ), respectively, l (a�1) is the
decay constant, r (g cm�3) is the bulk density of the penetrated rock
(in this study usually 2.6 g cm�3), di (cm) is depth (vertically down),
Ln;mn;mf (g cm�2) represent the attenuation lengths for each
pathway, ttop (years) is the exposure age of the top surface and trw
8

(years) is the approximated post-failure exposure time of each
sample in the rock wall. The decay constant for 10Be is 4.962 � 10�7

a�1, based on the half-life of 1.387 � 106 a (Chmeleff et al., 2010;
Korschinek et al., 2010). The attenuation lengths 160 g cm�2,
1500 g cm�2 and 5300 g cm�2 were used respectively for fast nu-
cleons, negative muon capture and fast muon reactivations. The
post-failure exposure time was derived subtracting the previously
preliminary exposure ages from the estimated exposure age of the
plateau surface. New and re-calculated 10Be ages were derived
using version 3 of the online exposure age calculator formerly
known as the CRONUS-Earth online exposure age calculator writ-
ten by G. Balco (2017) using the LSDn scaling scheme.

For the 36Cl samples at the Mannen site, the CRONUScalc
calculator (Marrero et al., 2016a) was used to derive the pre-failure
36Cl concentration at depth for 36Cl production rates based on
Marrero et al. (2016b). The derived pre-failure concentrations (Cinh)
were subsequently subtracted from the individually measured
concentrations (Crw). Note that usually only the uppermost one or
two samples (within the upper 10 m of the top cliff edge) have any
pre-slide concentrations to subtract. 36Cl exposure ages were
calculated with the CRONUScalc calculator using the SA scaling
scheme in an iterative approach similar to 10Be until a change in age
was less than 1%.

For the derivation of the upper and lower limit of the potential
timing of initial deformation, a linear approach was used, consid-
ering the 1s internal uncertainties of the exposure ages along the
sliding surfaces. For this, minimum sliding rates between the up-
permost two samples of each transect are determined by calcu-
lating the time difference between the minimum age of the lower
sample and the maximum age of the upper sample and subse-
quently dividing the distance along the sliding surface by this
duration. Slope distances were measured in the field using a tape
measure and have an asymmetric uncertainty attributed to over-
estimation caused by cliff roughness and incomplete stretching of
the tape. Measurements from LiDAR data were normally within 5%
1s. Maximum sliding rates are determined similarly, with the
maximum age of the lower sample and the minimum age of the
upper sample. The extrapolation of these sliding rates towards the
top of the sliding surfaces localise the limits of the potential timing
of initial deformation (Fig. 6). If the minimum timing of initial
deformation was later than the minimum age of the uppermost



Table 3
Estimated exposure ages of four of the plateau surfaces and the derived production rates for the three different pathways based on the spallogenic 10Be production rate of 3.98
atoms g�1 yr�1 at sea level and high geomagnetic latitude (SLHL).

Site Oppstadhornet Skjeringahaugane Revdalsfjellet 1 Revdalsfjellet 2

Exposure age of plateau surface (ka) 15.5 11.0 11.2 10.3
Spallogenic/Neutrons (atoms g�1 yr�1) 8.13 8.72 7.76 7.98
Negative muons (atoms g�1 yr�1) 0.14 0.14 0.13 0.13
Fast muons (atoms g�1 yr�1) 0.05 0.05 0.05 0.05

Fig. 6. 10Be ages for Oppstadhornet (re-calculated from Hermanns et al., 2013b) with
the envelope of possible displacement in grey and the slip rates according to the
sample positions and ages. Dashed lines indicate the approach to approximate the
upper and lower limit of the timing of initial deformation using the uncertainties of the
two uppermost samples. This starting time is restricted by the minimum exposure age
of the uppermost sample location. The approximated timing of initial deformation
coincides with the period of local deglaciation after the LGM.
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sample, the uncertainty was adjusted accordingly. For comparison,
the samewas done between the uppermost sample and the bottom
of the sliding surface, using the average sliding rates over thewhole
distance.

3.2. Climate reconstruction

To assess a possible link between climate variation and the
estimated sliding pattern of the rock-slope instabilities, we used
combined long-term climate reconstructions for the Late Glacial
and the Holocene, along with a simple glaciation model. These
reconstructions were subsequently used as forcing for the two-
dimensional permafrost model GryoGRID 2D (Myhra et al., 2017).

For thermal forcing of CryoGRID 2D we used the TraCE-21ka
dataset, containing a simulation from 22 ka to 1990 CE (http://
www.cgd.ucar.edu/ccr/TraCE/; Liu et al., 2009). The model is
forced with transient greenhouse gas concentrations and orbitally-
driven insolation changes, along with a transient scenario of
meltwater forcing to the oceans from the retreating ice sheets. For
our simulation a cell (3.75*3.75�, Yeager et al., 2006) for southern
and northern Norway, respectively, was extracted and compared
with the NGRIP ice core (NGRIP, 2004), where oxygen isotope re-
lations were transferred to temperatures following a simple linear
relationship provided in Johnsen et al. (1995). The TraCE-21ka data
set performs poorly for the Holocene thermal maximum, so during
10 to 6 kawe corrected the data set with NGRIP ice core dataset. The
re-constructed data were subsequently adjusted linearly to the
climatic situation at the three sites, to the last normal period (1961-
90), under the assumption of consistence between the general
9

temperature patterns in Norway and Greenland (Lilleøren et al.,
2012). We constructed air temperature forcing for each node
along the slopes and at the flat plateau through a linear interpo-
lation using a mean lapse rate of 0.63 �C 100 m�1 for Mannen and
0.45 �C 100 m�1 for Revdalsfjellet and Gamanjunni 3. For Gaman-
junni, we modelled a profile stretching over the mountain ridge in
SE-NW direction. Here, the south-western side of the rock wall
temperatures are 1.5e2 �C warmer than the north-eastern side,
following on-site rock wall temperature measurements in Magnin
et al. (2019).

We used other datasets to visually compare the onset on rock
slope movements and Late Glacial/Holocene climate variability.
Lilleøren et al. (2012) incorporated five proxy datasets to derive the
temperature deviation of mean July, mean January and mean
annual air temperature (MAAT) from 10 ka to present in relation to
the meteorological normal period 1961-90. These datasets were
based on a speleothem analysis, Greenland ice core data and glacial
mass balance derived from lake coring published in literature. The
temperature anomalies are reconstructed separately for both
northern and southern Norway. Mauri et al. (2015) reconstructed
both temperature and precipitation anomalies for Europe over a
period from 12 ka until the pre-industrial time (�1850 AD). That
dataset is based on various pollen data from all over Europe, which
has been calibrated and interpolated to produce 1 � � 1 � gridded
maps. From this dataset, we extracted and analysed the available
data over Norway to produce time series for northern and western
Norway. For each grid cell, we initially extracted the time series of
mean annual summer and winter temperatures, as well as mean
and seasonal precipitation. Secondly, we grouped the single time
series into reasonable regions, for which we finally combined the
individual time series by averaging. Tomake the two reconstruction
approaches with different reference periods comparable, the tem-
perature data from Mauri et al. (2015) were corrected to represent
the temperature anomalies according to the normal period 1961-
90.

3.3. Thermal modelling

For evaluating the thermal regime at the study sites, we use
CryoGrid 2D (Myhra et al., 2017), a process-based permafrost model
in which the heat conduction equation with material and temper-
ature dependent thermal parameters is solved by the finite element
solver MILAMIN (Dabrowski et al., 2008) on a triangular mesh
(Shewchuk, 1996). While the work scheme is described in more
detail in Myhra (2016) and Myhra et al. (2017), we give a short
overview over the main modelling steps:

The site-specific deglaciation dynamics are derived from a time-
slice reconstruction of the Eurasian ice sheet (Hughes et al., 2016)
combined with a simplified model of the glacier surface profile
following Paterson (1994) and the assumption of perfect-plastic ice
flow. The geometry of the model domain represents a 2D slice
through the slope sections of interest. The triangular mesh is con-
structedwith a depth dependent resolution and the simulations are
runwith yearly time steps. We assume identical bedrock conditions
with granite-rich igneous rock as typically found in the Norwegian

http://www.cgd.ucar.edu/ccr/TraCE/
http://www.cgd.ucar.edu/ccr/TraCE/
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basement and defined bedrock porosity 2% with water saturated
conditions and set the bedrock thermal conductivity to 3.5 W �C�1

(e.g. Clauser and Huenges, 1995). The model is constructed with
zero flux boundary conditions along vertical boundaries at eleva-
tions below the slope geometry and along the backside of the
domainwhile a geothermal heat flux of 50 mWm�2 (Slagstad et al.,
2009) is implemented along the bottom of the numerical domain
(5000 m below sea level).

Along the slope and top of the domain, temperature forcing data
are implemented through both glaciated (0 �C) and glacier-free
periods by means of Dirichlet boundary conditions, where ground
surface temperature, i.e. temperature below the snow and vege-
tation cover, is required as model forcing. We force glacier-free
areas by the described temperature series from 20 ka to the
beginning of the 20th century using annual time steps. During
glacier-free periods, we assume snow accumulation on mountain
plateaus and assume no snow accumulation along the steep slope.
The snow is parameterised through a simple transfer factor, so-
called nF-factor, reducing air freezing degree-days, and with this
mimicking a certain snow cover. For the plateau at the top of
Mannen, we use nF-factor of 0.3. For areas above ca. 640 m a.s.l. at
the Revdalsfjellet site and the top plateau at Gamanjunni, we
choose a nF-factor of 0.5. The differences of nF factors for the two
sites are justified in the different average snow cover, which is
almost double at Mannen (<2 m) compared to Gamanjunni/
Revdalsfjellet (<1m) in average. A nF factor of 0.5 corresponds to an
annual mean height of snow of around 30 cm for a MAAT > �2 �C
(Gisnås et al., 2013). To employ nF-factors for temperature forcing
at yearly time steps, we compute mean monthly air temperature
from SeNorge data for the normal period 1961e1990, add this
seasonality to the yearly temperature, compute monthly ground
surface temperature using nF-factors, and subsequently compute
average annual ground surface temperature. To account for the
slope aspect of the rockwalls at Gamanjunni, air temperature at the
south-western rock wall is adjusted with þ1 �C, whereas air tem-
perature at the north-eastern rock wall is adjusted with a factor
of �1 �C.

The initial ground temperature conditions are obtained through
a steady state simulation of the simplified rock wall geometry
forced with surface temperature conditions of 0 �C, reflecting the
ground temperature conditions in the late Weichselian when the
Norwegian mainland was completely covered with glacial ice
(Hughes et al., 2016). Under the assumption of temperate glaciers,
this corresponds to initially unfrozen ground conditions and the
modelled ground temperatures represent a minimum estimate of
the permafrost extent, as the Scandinavian ice-sheet may have
been mainly cold-based in high-mountain environments in central
southern Norway (e.g. Kleman, 1994). To account for the uncer-
tainty in the mentioned air temperature forcing data, four addi-
tional realizations of ground temperature modelling were run for
each of the three sites, where the air temperature data were
adjusted with factors of þ0.5 �C, þ1 �C, þ1.5 �C and 2 �C. We note
that despite having a reasonable control on snow cover which
creates shielding from cosmic rays, we did not employ these con-
straints for the exposure chronology because we needed the con-
centrationdnot shielding-corrected agedof the plateau samples
for the inheritance correction, and the steep slide surfaces dated
did not likely retain sufficient snow cover.

4. Results

4.1. Geochronology

Oppstadhornet - The age recalculations for the Oppstadhornet
rock-slope instability resulted in exposure ages of 13.4 ± 1.8,
10
11.1 ± 3.5 and 7.0 ± 0.8 ka from top to the bottom, respectively
(Fig. 6; Table 4, age uncertainties are 1s total error including in-
ternal random errors and external errors related to production
rates). The results are respectively 900, 800 and 400 years younger
than the previously published values, where no correction for
vertical pre-failure exposure was conducted (Hermanns et al.,
2013b). The resulting slip rates of 0.3, 0.05 and 0.06 cm a�1 agree
within 0.02 cm a�1 with those calculated by Hermanns et al.
(2013b). However, due to large 1s uncertainties for the three in-
dividual samples, the significance of the sliding rates is limited. The
large uncertainties are also represented in the time constraining of
the initial deformation, which most likely started during or shortly
after deglaciation between 16 and 15 ka. This is strongly supported
by the morphology of the instability, with a sharp edge at the
transition of the sliding surface to the mountain plateau.

Skjeringahauganee Three vertical profiles along different sliding
surfaces at Skjeringahaugane are represented by three to four TCN
samples each. There is little evidence for active rockfall processes
on the sampled surfaces, wherefore the results are considered
representative for the exposure history of the rockslide. The three
samples at profile 1 resulted in exposure ages of 7.7 ± 0.2, 4.9 ± 0.3
and 2.6 ± 0.1 ka, respectively (Table 4). These ages suggest rather
slow, insignificantly increasing deformation rates of 0.08 cm a�1,
0.10 cm a�1 and 0.11 cm a�1 throughout the Holocene. The recent
average deformation rate of the moving block below this transect
for the period 2008e2017 is 0.4 cm a�1, suggesting a moderate
acceleration. But it has to be noted that the recent measurements
represent deformation in 3D directions. Mid-section B (Fig. 3) of the
unstable rock slope at Skjeringahaugane likely became active at
11.2 ± 1.4 ka, thus during or shortly after local deglaciation (�11 ka;
Table 5).

The samples of profile 2 resulted in exposure ages of 7.8 ± 0.3,
7.7 ± 0.6, 6.1 ± 0.4 and 2.6 ± 0.1 ka, respectively (Table 4). The oldest
and youngest ages are similar and equal to the respective exposure
ages of profile 1. However, the greater distance between the upper
and lower samples results in a higher average deformation rate of
0.26 cm a�1 for the 5.2 ka. The uppermost two samples suggest a
high vertical deformation of 2.19 cm a�1 during the first hundred
years of deformation. However, due to the overlap of their age
uncertainties, this average slip rate may not be representative. The
2.2 m displacement could have been instant or sliding could have
been as moderate as 0.16 cm a�1. The average sliding rate decreases
to 0.46 cm a�1 at ca. 7.7 ka and further to 0.17 cm a�1 between 6.1
and 2.6 ka. Over the last 2.6 ka vertical deformation seems to be as
low as 0.01 cm a�1 indicating a stabilisation along this sliding
surface. This is in agreement with a measured deformation rate
close to zero at this part of the instability in recent years. The
estimated timing of initial deformation at profile 2 is 8.0 þ 2.5e0.5
ka (Table 5).

The three samples at profile 3 resulted in exposure ages of
4.5 ± 0.5, 4.6 ± 0.3 and 1.3 ± 0.1 ka, respectively (Table 4). The
strongly overlapping exposure ages of the uppermost two samples,
again suggest an instant or very rapid vertical displacement of 1.7m
ca. 4.5 ka ago. Similarly, at this transect, decreasing average defor-
mation rates during the late Holocene can be observed. Between
4.6 and 1.3 ka the average vertical slip rate decreased to 0.33 cm a�1,
and subsequently to 0.18 cm a�1 since 1.3 ka. The recent 3D
deformation rate of the rock mass below this transect is 0.70 cm
a�1, relatively high compared to the calculated Holocene slip rates.
However, the comparison of profile 3 and this measurement point
must be treated with care, because where the samples have been
taken the rock wall is unstable, with recent displacement rates of
0.40 cm a�1 into a similar direction. The relative difference of the
vertical displacement along this rock wall is probably less than
0.30 cm a�1, which is close to the average pre-historical slip rate



Table 4
Selected analytical data and results of the age calculation, including measured concentration of 36Cl in feldspar separates or 10Be in quartz, correction for pre-failure produced
cosmogenic nuclides and the final age determinations and according slip rates between the respective sample and the next sample.

Site Sample
name

36Cl*or 10Be
concentration

36Cl*or 10Be
concentration
corrected

36Cl*or 10Be concentration
uncertainty

Apparent
exposure age

Exposure age
uncertainty int.(ext.)

Slip rate Slip rate
min.

Slip
ratemax.

103 atoms g�1 103 atoms g�1 103 atoms g�1 ka ka cm a�1 cm a�1 cm a�1

O
p
p
st
: Opp-1 99.71 99.49 13.46 13.4 1.8 (2.0) 0.30 700 0.09

Opp-4 81.61 81.40 25.54 11.1 3.5 (3.5) 0.05 220 0.03
Opp-5 51.66 51.33 5.58 7.0 0.8 (0.9) 0.06 0.07 0.05

Sk
j:
P1

SKJ-01 50.88 50.21 1.59 7.7 0.2 (0.5) 0.08 0.06 0.12
SKJ-02 31.32 30.75 2.13 4.9 0.3 (0.5) 0.10 0.08 0.14
SKJ-03 17.53 16.96 0.71 2.6 0.1 (0.2) 0.11 0.10 0.12

Sk
j:
P2

SKJ-04 49.17 48.73 1.79 7.8 0.3 (0.5) 2.19 0.16 220
SKJ-05 45.51 45.27 3.02 7.7 0.6 (0.7) 0.46 0.26 2.37
SKJ-06 36.84 36.65 2.49 6.1 0.4 (0.5) 0.17 0.14 0.21
SKJ-08 17.15 16.90 0.70 2.6 0.1 (0.2) 0.01 0.01 0.01

Sk
j:
P3

SKJ-09 36.37 35.67 3.68 4.5 0.5 (0.5) 165 0.19 165
SKJ-10 33.37 32.90 2.30 4.6 0.3 (0.4) 0.33 0.28 0.39
SKJ-12 8.74 8.41 0.60 1.3 0.1 (0.1) 0.18 0.16 0.20

M
an

n
en

MANN-00 151.37 top sample 5.00 11.0 0.3 (1.0)
MAN-02 23.51 23.15* 2.59* 6.6 1.1 0.10 0.07 0.25
MAN-03 27.37 26.79* 8.67* 3.0 1.0 7.33 0.46 733
MAN-05 28.15 27.85* 2.67* 2.9 0.5 0.16 0.13 0.19

R
ev

:
1 RDF-01 95.53 top sample 2.63 11.1 0.3 (0.7)

REV-01 29.44 24.31 1.21 4.3 0.2 (0.3) 0.27 0.13 159
REV-02 21.52 20.91 0.70 3.7 0.1 (0.3) 601 1.09 601
REV-04 21.02 21.10 1.28 3.8 0.2 (0.3) 0.19 0.15 0.25
REV-06 10.43 9.58 0.60 1.7 0.1 (0.2) 0.17 0.15 0.19

R
ev

:
2 RDF-03 90.29 top sample 2.56 10.3 0.3 (0.7)

REV-11 49.99 47.12 1.97 7.3 0.3 (0.5) 0.50 0.29 1.62
REV-13 35.35 34.71 1.27 6.0 0.2 (0.4) 0.22 0.18 0.26
REV-16 14.71 14.27 0.86 2.4 0.1 (0.2) 0.24 0.19 0.31
REV-17 7.85 7.15 0.43 1.1 0.1 (0.1) 0.14 0.13 0.15

G
am

an
j:
3 GAM-05 54.70 48.80 2.90 5.3 0.5 (0.6) 1920 2.13 1920

GAM-09 51.80 51.40 2.10 5.3 0.4 (0.5) 1.44 1.00 2.56
GAM-15 38.30 38.30 1.39 3.7 0.3 (0.4) 0.41 0.32 0.58
GAM-16 17.30 17.30 0.80 2.0 0.2 (0.2) 1.90 1.77 2.06
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(Table 4). The data suggest that deformation at this part of the
unstable rock slope initiated more than 2 ka later than the defor-
mation along P2.
Table 5
Estimated initial deformation timing, average pre-historical sliding rates and modern m

Rockslide Elevation Initial deformation
(method 1)a

Initial deformation
(method 2)b

Aver

m asl. ka ka cm a

Oppstadhornet 700 14.9 þ 5.5e3.5 18.0 ± 2.7 0.10
Skjeringahaug. P1 782 11.2 ± 1.4 10.6 ± 0.7 0.09
Skjeringahaug. P2 742 8.0 þ 2.5e0.5 9.5 ± 0.7 0.20
Skjeringahaug. P3 762 4.6 þ 2.0e0.3 5.4 ± 0.6 0.33
Mannen 1289 8.0 ± 1.7 8.3 ± 1.4 0.24
Revdalsfjellet 1 645 4.4 ± 0.4 4.8 ± 0.3 0.34
Revdalsfjellet 2 676 7.5 ± 0.7 7.7 ± 0.5 0.26
Gamanjunni 3 1200 5.3 þ 1.4e0.4 5.9 ± 0.6 2.35

a Approximated based on the apparent exposure ages and uncertainties of the two up
b Approximated based on the apparent exposure age of the uppermost sample and th
c þþ/significant, þ/ moderate, o/ no change.

11
This example of instability reveals that internal destabilisation
and stress re-organisation may play an important role in the
development of rock-slope instabilities in that strain can be
easured sliding rates.

age pre-historical sliding rate Measured sliding rates
(NGU, 2020a)

Recent acceleration?c

�1 cm a�1

<0.5 o
0.4 þ
e e

<0.7 o
~2.0 þþ
0.2e0.3 o
0.4e0.6 þ
5.4 þþ

permost samples.
e average slip rate in relation to today.
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partitioned over different segments at different times. While ac-
tivity along the main sliding surface between the rather stable
section A and the unstable middle section B (Figs. 2b and 3) is
constantly low, activity along the contact between sections B and C
seems to be irregular along the contact, creating new sub-sections
with high deformation rates, such as along P3.

Mannen - The three samples from the near vertical sliding sur-
face at the Mannen rock-slope instability result in apparent expo-
sure ages from the top to the bottom of 6.6 ± 1.1, 3.0 ± 1.0 and
2.9 ± 0.5 ka, respectively (Table 4). Considering these ages, the
sliding rate was relatively low with 0.10 cm a�1 between 6.6 and 3
ka, followed by a strong acceleration to an average sliding rate of
7.33 cm a�1 during some hundred years and finally slowing down
to 0.16 cm a�1 since 3 ka. (Table 4). Today the rock wall shows high
rockfall activity in places. We therefore suggest a second scenario of
paleo-slip rates considering that the middle sample MAN-03 may
represent the surface of a post-exposure rockfall event.

In this scenario, the average slip rate between 6.6 and 2.9 kawas
0.3 cm a�1 before slowing down to 0.16 cm a�1. The average sliding
rate over the entire slope from the uppermost sample down to the
modern bottom of the sliding surface is 0.24 cm a�1. The modern
measured sliding rate at theMannen rock-slope instability is�2 cm
a�1 (NVE, 2017; NGU, 2020a). Compared to both scenarios of Ho-
locene slip rates, the recent sliding rates are an order of magnitude
higher and indicate a strong acceleration. Based on the back cal-
culations presented earlier, the sliding surface at Mannen became
active around 8.0 ± 1.7 ka (Method 1, Table 5).

Revdalsfjellet 1 - The four samples from the near vertical sliding
surface at the Revdalsfjellet 1 rock-slope instability result in
apparent exposure ages from the top to the bottom of 4.3 ± 0.2,
3.7 ± 0.1, 3.8 ± 0.2 and 1.7 ± 0.1 ka, respectively (Table 4). Consid-
ering these ages, sliding rates were relatively high with 0.27 cm a�1

between 4.3 and 3.7 ka, followed by an almost instant displacement
of 6 m. The vertical displacement was then slowing down to
0.19 cm a�1 between 3.8 and 1.7 ka and finally to 0.17 cm a�1. The
two middle samples at Revdalsfjellet 1, which are non-
differentiable within their age uncertainties, suggest a sudden
displacement of 6 mwithout a consequent catastrophic failure. It is
Fig. 7. Clearly visible striation in sliding direction on the lower section of the exposed
sliding surface of Revdalsfjellet 1. Foto: H. Bunkholt (NGU).
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possible that the sliding surface has been affected by small-scale
rock fall after being exposed by sliding and thus the exposure age
of the upper location represents the surface of such a post-slide
rock fall event. However, striations at the lower part of the sliding
surface and a small volume of rock-fall debris indicate limited rock-
fall activity (Fig. 7). An alternative sliding rate between REV-01 and
REV-04, disregarding REV-02 would be 1.43 cm a�1. The recently
measured sliding rates for the Revdalsfjellet 1 rockslide lie between
0.2 and 0.3 cm a�1. The estimated timing of initial deformation at
this site is relatively young, with 4.4 ± 0.4 ka (Table 5).

Revdalsfjellet 2 - The four samples from the near vertical sliding
surface at the Revdalsfjellet 2 rockslide result in apparent exposure
ages from the top to the bottom of 7.3 ± 0.3, 6.0 ± 0.2, 2.4 ± 0.1 and
1.1 ± 0.1 ka, respectively (Table 4). The resulting sliding rates are
0.50 cm a�1 averaged over 1.3 ka, followed by 0.22 cm a�1 averaged
over 3.6 ka, 0.24 cm a�1 over 1.3 and 0.14 cm a�1 during the last 1.1
ka. Recently, sporadic deformation measurements are carried out
since 2009 (NGU, 2020a). They show a displacement of 0.4e0.6 cm
a�1 and suggest a moderate acceleration compared to the sliding
rates during the last 6.3 ka. The Revdalsfjellet 2 rockslide has most
likely started to slide at 7.5 ± 0.7 ka (Table 5).

Gamanjunni 3 e The dating results of 11 samples from Gaman-
junni 3 are more complex but show a general trend of ‘younging’ in
the sliding direction along the sliding surface (Tables 4 and 5 based
on results from B€ohme et al., 2019). However, several samples are
outliers in respect to the trend, generating age reversals in slide
direction. Because of several potential sources for age un-
derestimations along such a sliding surface compared to limited
causes for age overestimations (B€ohme et al., 2019), we focus on the
four older surface exposure ages where we suspect no such
discrepancy. The exposure ages for these older surfaces are
5.3 ± 0.5, 5.3 ± 0.4, 3.7 ± 0.3 and 2.0 ± 0.2 ka, respectively. Because
the two uppermost samples have equivalent ages, initialisation of
rock-slope deformation is estimated to be 5.3 ka. The two upper
samples suggest a sudden initial deformation of several metres or
very high deformation rates after sliding started. The average Ho-
locene slip rate is 1.44 cm a�1 from 5.3 ka before slowing down to
0.41 cm a�1 and finally increasing again to 1.9 cm a�1 since 2 ka
(Table 4). A large talus cone covering the lower 50 m of the sliding
surface suggests a high and episodic rock-fall activity from portions
of the slope above, and thus provides a potential explanation for
low concentrations (and ages) for some of the other sample loca-
tions. However, the sliding rates indicate that deformation rates at
Gamanjunni 3 have likely been continuously relatively high with a
strong acceleration to the recently measured 5.4 cm a�1.

4.2. Holocene climate variation and thermal modelling

The warmest period during the Holocene (Holocene thermal
maximum, HTM) occurred near the end of the last glaciation, be-
tween 10 and 8 ka (e.g. Caseldine et al., 2006; Renssen et al., 2009).
During this period, perihelion was during summer, resulting in
warmer summers compared to today. MAAT were about 2 �C
warmer than during the last normal period (1961e1990). Since the
HTM, climate was gradually cooling, peaking with the Little Ice Age
(LIA), which was around 1 �C (MAAT) colder than the last normal
period. The modelled precipitation history is more complex. The
TraCE-21 model indicates lower annual precipitation during HTM,
except during summers, with an increase at around 6 ka. Ground
temperature modelling of selected sites indicates that permafrost
bodies have been developed during deglaciation (this study). The
size and depth of these permafrost bodies depends on glacier dy-
namics during deglaciation and on elevation (Myhra, 2016; Cze-
kirda, unpublished data).

Supplementary videos with the complete results of the thermal



Fig. 8. Time slices of the long-term permafrost modelling results with CryoGRID 2D for Mannen, Revdalsfjellet and Gamanjunni for the realization with air temperature
factor þ0.5 �C. The temperature nodes indicate the approximate location of the upper most active parts of the rockslides. Their respective temperature curves from five realizations
are plotted in Fig. 9. The complete results can be found as videos in the supplementary files.
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modelling can be found at https://doi.org/10.1016/j.quascirev.2020.
106718.

ForMannen, we assumed a start of deglaciation at 14 ka (Hughes
et al., 2016) and that a 1300-yr YD glacial re-advance did not
significantly affect permafrost conditions in the upper part of the
slope. During and after deglaciation, cold permafrost remained
deep into the slope at Mannen (Fig. 8a).

Rapid warming after the YD resulted in permafrost degradation
and ground surface temperatures reaching positive temperatures
up to 2 �C during the HTM (Figs. 8b and 9a). Between 5 and 3 ka,
shallow ground (<50 m) in the northern slope might have reached
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negative temperatures during colder periods. According to the
reconstruction, warm shallow permafrost re-established from c. 3
ka in the slope, culminating in the LIA, while the plateau remained
above 0 �C (Fig. 8c). Today, Mannen is located at the lower boundary
of regional mountain permafrost, with sporadic to discontinuous
permafrost in the upper part of the slope (Fig. 2c; Magnin et al.,
2019), which is not represented by the long-term model (Fig. 8d).
Recent high-resolution modelling of the Mannen area indicates
permafrost and deep seasonal frost in the area, which have
degraded during the last decades (Kristensen et al., in review).

At Revdalsfjellet, the plateau above the rock-slope instabilities

https://doi.org/10.1016/j.quascirev.2020.106718
https://doi.org/10.1016/j.quascirev.2020.106718


Fig. 9. Time series of ground temperatures at Mannen (a), Revdalsfjellet (b) and Gamanjunni 3 (c). The graphs represent the temperatures at 50 m and 100 m depth for each site (as
indicated in Fig. 8), based on the long-term permafrost model. Results from five realizations are depicted, where the thickest lines correspond to mean ground temperature of all
realizations, and uncertainty envelopes arise from the minimum and maximum ground temperatures of the remaining realizations.
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was first deglaciated between 13 and 14 ka, with subsequent frost
penetration into the slope (Fig. 8e). Relatively fast permafrost
degradation initiated after the YD cold period, where a transition to
warm permafrost conditions was modelled 11-10 ka. Modelled
ground temperatures at 10 ka were 0 �C followed by a long period
throughout the HTM with mostly positive temperatures (Figs. 8f
and 9b). Since 2 ka, surface-near ground temperatures (<50 m)
fluctuated around 0 �C again with increasing duration and depth of
frozen ground conditions. Today, ground temperatures at the upper
parts of the Revdalsfjellet instabilities still fluctuate around 0 �C
(Fig. 8h), according to the mapping of steep permafrost slopes
(Fig. 2d; Magnin et al., 2019) and the observations at the Nordnes
rock-slope instability, a few kilometres north of Revdalsfjellet
(Blikra and Christiansen, 2014).

At Gamanjunni a SW-NE transect through the entire ridge be-
tween two valleys was modelled. The thinning of the glacial ice
from about 15 ka is directly followed by deep and cold permafrost
conditions within the rock (Figs. 8i and 9c). The permafrost ge-
ometry is asymmetric as we here assume different temperature
forcing for the south and north side, respectively, due to topog-
raphy and modulated insulation effects (Magnin et al., 2019). After
the YD, the permafrost degraded rapidly along the slopes, but
negative ground temperatures could persist at depth until c. 8.5 ka
according to the modelling, especially on the northern side. During
the HTM, permafrost was probably degraded close to the surface,
however, permafrost at depth may have still existed (Fig. 8j). The
south-western slope seemed to remain at and above 0 �C until c. 2
ka (Fig. 9c). Since then rather warm permafrost has probably been
in the mountain ridge, reaching considerable depths according to
the modelling, especially during the LIA (Fig. 8k). For today, the
long-term model still suggests the presence of warm permafrost in
the mountain (Fig. 8l), which is in accordance with Magnin et al.
(2019) and the regional modelling by Gisnås et al. (2017).
14
5. Discussion

5.1. Surface exposure dating along sliding surfaces

The number of studies presenting sliding surfaces of active
rockslides successfully dated with cosmogenic nuclides remains
limited. But our results and previous studies (e.g. Le Roux et al.,
2009; Hermanns et al., 2012; Zerathe et al., 2014; B�re�zný et al.,
2018; B€ohme et al., 2019) suggest that this is due to logistical and
morphological challenges, rather than a lack of reliability of the
method. The following observations suggest the gradual slip rate
approach may be useful:

� The transects along the sliding surfaces of the rock-slope in-
stabilities at Oppstadhornet, Skjeringahaugane, Mannen and
Revdalsfjellet consist of three to four 10Be or 36Cl ages. Within
one sigma uncertainty, they all show a logical chronological
order decreasing with elevation.

� The geometry of the instabilities also indicate that the sliding
surfaces have been exposed gradually from the top to the
bottom.

� The sliding rock masses are represented by fractured blocks that
are vertically displaced but still show the original surface in
most cases. These rockslide blocks fit into their original position,
allowing for optimal adjustment for shielding corrections and
evidence for the gradual, non-catastrophic gravitational defor-
mation implied by the ages.

� Reproducibility of the exposure age method is demonstrated by
equivalent ages on adjacent surfaces and by the fact that several
samples (REV-16, SKJ-02, -05, �06 and SKJ-10) were processed
completely independently from the others and analysed by AMS
at different times (sometimes different years), yet their result fit
well into the chronology of the previously analysed samples of
the same transect within 1s uncertainty (Table 4).
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These observations suggest that our field interpretation of
limited rock fall activity from the sliding surface after being
exposed by the rockslide is true in most cases. However, the effects
of small-scale rock fall may result in underestimations of the
apparent exposure age of a surface. While the presence of polish or
vertically oriented striations, and absence of weathering, lichen
cover, or patination of bedrock surfaces have been useful to guide
sampling locations on a sliding surface, in a few instances we may
have sampled surfaces with relatively recent small-scale falls.
Furthermore, the build-up of a 50 m high talus cone covers the foot
of the 140 m long sliding surface of Gamanjunni 3, evidencing
small-scale periodic rock-fall activity along the slope (B€ohme et al.,
2019) and causing short-term shielding of the bedrock surface. The
development of such a talus cone can only be estimated by
comparing the age of the sliding surfaces with an average slip rate.
In the case of Gamanjunni 3, the build-up of this cone may have led
to an age offset of up to 2 ka.

5.2. Sliding patterns

Modelling approaches have hitherto dominated studies con-
cerning the development of slow-moving rockslides over thou-
sands of years (e.g.Welkner et al., 2010; Gischig et al., 2016; Agliardi
et al., 2020; Donati et al., 2020). We attempted to fill the gap of
measurements that document these phenomena. The average
sliding rates between the exposure dated surfaces of this study
result in similar sliding patterns for all transects, with high
displacement rates after initialisation, followed by rather constant
or decreasing displacement rates. However, with the number of
samples available it is not possible to state where and when the
transitions between different deformation rates occurred, or if
there were variations of sliding rates in time that cannot be
resolved due to the low sampling frequency. The higher number of
samples at the Gamanjunni 3 rockslide result in a more complex
pattern. Yet the sliding pattern generally shows a similar trend of
higher displacement rates in the beginning and lower displacement
rates during the last millennia (B€ohme et al., 2019). These sliding
patterns are in contrast to varying observed sliding patterns from
the French Alps where in one case an acceleration phase between
2.3 and 1 ka initiates higher displacement rates (Sechilienne rock-
slide; Le Roux et al., 2009), or only continuous deformation rates of
<0.04 cm a�1 since �3 ka were measured (Cair landslide; Zerathe
et al., 2014).

Crosta and Agliardi (2003) and Xue et al. (2014) discuss the
potential forecast of sudden rock avalanches based on the ‘slope
creep’ behaviour of long-term slope deformations. The slope-creep
model suggests an idealised deformation behaviour in three stages
characterised by different ratios of shear force and shear resistance
(Cornelius and Scott, 1993):

1. The primary phase is dominated by strongly increasing strain
and development of fractures (Lacroix and Amitrano, 2013).

2. The secondary phase is characterised by a constant strain rate.
3. The tertiary phase initialises sudden failure by increasing strain

and damage development resulting in accelerated deformation
(Crosta and Agliardi, 2003; see also Petley et al., 2002; Stead and
Eberhard, 2013; Roberts et al., 2019).

Our data generally supports this model, considering that
initially high strain rates resulted in high sliding rates changing
subsequently to relatively constant sliding rates. However, the
development of unstable rock slopes in natural materials is not only
dependent on slope geometry and internal factors, but it is also
affected by several external parameters, that either decrease the
shear resistance or increase driving forces. Gradual and sudden
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changes of external factors, such as climate or tectonic activity can
hence modify the theoretical model and lead to a temporal increase
or decrease of displacement rates.

5.3. Factors influencing the timing of initial deformation

There are internal and exogenic factors that control the timing of
initial deformation at unstable rock slopes. A first-order internal
control is the structural form of discrete discontinuities that can
develop into failure surfaces (e.g. Eisbacher and Clague, 1984;
Hermanns and Strecker, 1999; Brideau et al., 2009). This is espe-
cially true for the crystalline bedrock in Norway (e.g. Saintot et al.,
2012; B€ohme et al., 2013; Booth et al., 2015). Structural pre-
conditioning has been reported for our study sites Oppstadhornet
and Gammanjunni 3 (Bhasin and Kaynia, 2004; B€ohme et al.,
2016b). Also at Skjeringerhaugane mapping indicates that the
highly fractured slope is related to pre-existing structures con-
nected to shear and contact zones between the dominating phyl-
lites within the instability, granitic gneiss in the lower part and
meta-arkose above the instability (NGU, 2020b). The Gamanjunni
and Revdalsfjellet rockslides arewedge failures, constrained by two
steeply dipping joints and the shallow, out of the slope dipping,
foliation.

Superimposed on that are external driving factors that vary in
time such as (i) post-glacial isostatic uplift and potential related
seismic activity, (ii) glacial unloading and debuttressing, and (iii)
climatic factors such as ground thermal regime including perma-
frost degradation.

5.3.1. Post-glacial isostatic uplift and potential related seismic
activity

Numerous observations document seismicity is a direct cause
for rock-slope failure (e.g. Pareek et al., 2010). It can be argued that
seismicity related to glacial isostasy (Lund and N€aslund, 2009) may
have added to destabilising rock slopes in Scandinavia. This effect
would have been most significant during and shortly after degla-
ciation, when the isostatic rebound was most rapid (Ballantyne
et al., 2014; Bellwald et al., 2019). A combination of inherited
geological structures, deglaciation and long-term shallow seis-
micity have been discussed to substantially contribute to activating
deep-seated rockslides in the Alps (Agliardi et al., 2019; Baro�n et al.,
2019). Potential shallow seismic activity may therefore be an
additional exogenic factor for the Late Pleistocene and Early Holo-
cene deformation at Oppstadhornet and Skjeringahaugane (Figs. 6
and 10). However, paleoseismological evidence for rock-slope fail-
ure is absent in Norway, despite trenching activity in the areas
where our instabilities are located (Schleier et al., 2016). We
cautiously propose that while seismicity is relevant for catastrophic
rock-slope failures, the observed gradual sliding deformation is
more likely attributable to climatic forcing.

5.3.2. Glacial unloading and debuttressing

At Oppstadhornet and the upper section of Skjeringahaugane,
initial deformation directly followed local deglaciation at 16-14 and
11-10 ka, respectively (Figs. 6 and 10). The preserved sharp edge
between the sliding surface and the mountain plateau at both sites
minimises the likelihood of a pre-glacial onset. However, we do not
preclude the potential effect of long-term rock fatigue due to
repeated glacial cycles that might have resulted in instabilities prior
to deglaciation and being reactivated shortly after deglaciation (Jia
et al., 2015; Gr€amiger et al., 2017). Numerical modelling supports
the destabilising effect of glacial unloading on rock slopes (Brückl,
2001), especially where pre-existing rock damage exists
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(Gr€amiger et al., 2017).

5.3.3. Ground thermal regime including permafrost degradation

In previous studies regarding large deep-seated rockslides
possible climatic and thermal effects are often mentioned, but
discussed only briefly owing to limited control over pre-historical
precipitation and ground thermal regime (e.g. Bigot-Cormier
et al., 2005, B�re�zný et al., 2018, Hilger et al., 2018). One critical
factor for slope stability is the presence and warming of ice-filled
rock joints (Krautblatter et al., 2013). Depending on the over-
burden, ground temperatures close to 0 �C can reduce the shear
resistance along ice-filled fractures by more than 60% compared to
cold permafrost conditions (Mamot et al., 2018). The ground ther-
mal regime is a factor which has been much discussed as driver for
recent rockfall and rock-avalanche activity (e.g. Gruber and
Haeberli, 2007; Ravanel and Deline, 2011; Krautblatter et al.,
2013), but rarely for creeping rock masses. During the last 20
years, evidence for the activation of large rock-slope instabilities
due to permafrost degradation has been documented in the Alps,
e.g. Keuschnig et al. (2015) (Austrian Alps); Lebrouc et al. (2013)
(French Alps); Mamot et al. (2018) (Zugspitze, Germany); Weber
et al. (2017) (Swiss Alps). Based on thermal numerical modelling
at the S�echilienne Landslide in the French Alps it is suggested that
cold permafrost has stabilized the slope for 3 to 4 ka after local
deglaciation (Lebrouc et al., 2013). The authors argued that the
permafrost body likely has amplified weaknesses caused by rock
fatigue and the depth of rock fracturing due to debuttressing, but
also that its stabilizing presence is one of the main reasons for
delays of 6 ka or more before rockslide activation. Similarly long
time lags have been observed in the Alps (e.g. Le Roux et al., 2009;
McColl, 2012) in the western Carpathians (P�anek et al., 2017) and in
the Himalaya (Dortch et al., 2009), indicating the influence of
external driving factors.
Fig. 10. Results of 10 Be and 36Cl dating respectively along the sliding surfaces at the rock
perature anomalies and precipitation changes. Internal and external uncertainties are plotte
anomalies from Lilleøren et al. (2012) represent data from July and January, respectively, w
February, to represent the seasons.
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The rockslides Mannen, Revdalsfjellet 2 and Gamanjunni 3
generally show a similar development, with a time lag at a
millennial scale between deglaciation and the onset of deforma-
tion. At Mannen and Revdalsfjellet 2, the estimated timing of initial
deformation coincides with the first peak of the HTM around 8 ka
(Table 5, Figs. 10 and 11). Our thermal modelling of these sites in-
dicates that the slopes have been affected by deep permafrost
penetration during and after deglaciation; however, permafrost
degraded substantially during the following millennia. Our model
indicates that at Mannen and Revdalsfjellet ground temperatures at
50 and 100 m depth increased to >0 �C before 10 ka and reached a
maximum between 8 and 7.5 ka, when slope deformation started
(Fig. 9a and b). In comparison, deformation at Gamanjunni started
~3 ka later, near the end of the HTM (4.5 ka). Modelled ground
temperatures at 50 and 100 m depth at Gamanjunni remained
negative until ~8 ka and <1 �C throughout the HTM. The mountain
could therefore have been sensitive to the short cooling event at 8.2
ka and remained affected by permafrost conditions throughout the
HTM due to internal transient conditions (ice content in cracks etc.)
and thermally controlled slower permafrost degradation. Signifi-
cant permafrost warming and degradation is thus likely a desta-
bilising factor for initial deformation at Norwegian unstable rock
slopes, with the lower latitude rockslide Mannen and the low
altitude rockslide Revdalsfjellet 2 reacting sooner than the high
latitude and high elevation site Gamanjunni 3.

5.4. Factors influencing recent acceleration of slope deformation

At four study sites we observe moderately or significantly
increased modern slip rates compared to Holocene deformation
(Figs. 10 and 11; Table 5). This might be related to atmospheric
warming after the Little Ice Age (LIA), which resulted in increased
ground temperatures. This may specifically be true for the three
rockslides Mannen, Revdalsfjellet 2 and Gamanjunni 3, where we
-slope instabilities Skjeringahaugane and Mannen above reconstructed series of tem-
d as horizontal continous and dotted lines, respectively. Note that summer and winter
hereas Mauri et al. (2015) combine June, July and August and December, January and



Fig. 11. Results of 10 Be dating along the sliding surfaces at the rock-slope instabilities Revdalsfjellet and Gamanjunni 3 (B€ohme et al., 2019) above reconstructed series of tem-
perature anomalies and precipitation changes. Internal and external uncertainties are plotted as horizontal solid and dotted lines, respectively.
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here hypothesise that initial deformationwas connected to climatic
factors including permafrost degradation. The upper parts of all
three sites are today located close to or above the estimated lower
limit of mountain permafrost (Table 1; Magnin et al., 2019).
Detailed research and monitoring at the active rock-slope insta-
bility at Nordnesfjellet, which is located in the same setting about
7 km north of Revdalsfjellet, revealed large permanently ice-filled
fractures (Blikra and Christiansen, 2014). The locally very variable
thermal regime seems to affect the modern slope stability, which
reacts seasonally, with increasing activity during the summer and
stable conditions during cold winter months. Therefore, recent
deformation at the Revdalsfjellet rockslides may also be affected by
local ice-rich permafrost in open fractures.

In addition to permafrost degradation, recently increasing pre-
cipitation rates and intensities (Dyrrdal et al., 2012) may be a factor
for augmented slope destabilisation in Norway. Several studies
support the hypothesis that both periodic and long-term
displacement of deep-seated landslides in bedrock can relate to
increased precipitation and groundwater recharge (Guglielmi et al.,
2005; Vallet et al., 2016; Lacroix et al., 2020). At the Mannen
instability, a part of the unstable slope failed in September 2019
(Kristensen et al., in review), possibly following changes in
permafrost or deep seasonal frost. However, during several previ-
ous years, this rock mass reacted with increased sensitivity to
precipitation, specifically at the end of the warm summer season
and in the autumn. Several documented Holocene rock-slope fail-
ures at Mannen relate to a climate deterioration with strongly
increasing precipitation around 5 ka (Hilger et al., 2018), which
supports the slopes’ sensitivity to high precipitation and snowmelt.

Exogenic drivers connected to snowmelt and precipitation may
also be relevant for the Skjeringahaugane instability, where deep
post-glacial permafrost penetration was unlikely owing to its low
elevation and late deglaciation, leaving the slope sensitive to such
climatic changes. Here, the activation of the third and youngest
sliding surface sampled in profile 3 (Fig. 2b) falls into a period
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where temperatures are high and precipitation rates are increasing
after a period of lower rates (Fig. 10). The geodetically measured
vertical deformation rates of�0.3 cm a�1 are higher than the paleo-
slip rates of 0.15 cm a�1 of the last 1.3 ka but are very similar to the
average deformation rate of 0.33 cm a�1 (Table 4).
6. Conclusions

From this study the following conclusions can be drawn:

� Age constraints along vertical transects of seven sliding surfaces
produced by active rock-slope instabilities in Norway resulted in
logical chronological sequences, indicating gradual deformation
along the sliding surfaces.

� Holocene slip rates have generally decreased over time. Recently
measured deformation suggests a significant increase in sliding
rates for Mannen and Gamanjunni 3, and a moderate accelera-
tion for the upper area of Skjeringahaugane and Revdalsfjellet 2,
both in western and northern Norway.

� Two of eight studied sliding surfaces seemed to have been
activated during or shortly after local deglaciation at 16-14 and
11-10 ka, respectively, and were probably triggered by debut-
tressing effects, in addition to long term rock fatigue. Initial
deformation at the Mannen and Revdalsfjellet 2 rockslides co-
incides with the peak of the HTM around 8 ka, reacting faster
than the Gamanjunni 3 rockslide to increased temperatures and
probably permafrost degradation. Estimated activation timing
of the three remaining rockslides are spread from 5.6 to 4.4 ka,
at the end of the HTM.

� Recently accelerating slip rates at Mannen, Revdalsfjellet and
Gamanjunni seem to be attributed to atmospheric warming
since the LIA and connected to permafrost degradation. Mod-
erate acceleration in the upper part of the low elevation site
Skjeringahaugane may be driven by increased precipitation
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rates and intensities because this rock-slope instability has
likely never been affected by deep permafrost penetration.

� Degrading permafrost might play a significant role in slope
destabilisation in Norway. Mannen in southern Norway and
Revdalsfjellet and Gamanjunni 3 in northern Norway are very
likely to have experienced permafrost fluctuations throughout
the Holocene, where permafrost dynamics and degradation is
likely a first order control on past and modern slope activities.
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