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Abstract

Rock slope failures form a frequent hazard to many populated mountain regions.
Especially in western Norway, the topographical and meteorological characteristics
increase the vulnerability for rock slope failures. A major focus for studies in
Norway is to efficiently find and investigate possible future rock slope failures in
order to prevent extensive humanitarian disasters. The determination of the critical
parameters involved in the development of rock slope failures is crucial in order to
optimize hazard recognition. In addition, a better understanding of the spatial and
temporal variability of prehistoric and historic rock slope failures as well as present
day rock slope instabilities will optimize monitoring and further research on the
susceptibility for future rock slope failures.

The primary aim of this study is to investigate the spatial and temporal dis-
tribution of rock slope instabilities within western Norway. It is further aimed to
determine the controlling parameters on the development of rock slope instabilities
within the study region. The implemented approaches range from regional scale
statistical analyses towards site specific numerical modelling, while a focus is set
on quantitative analyses.

Within this thesis the main controlling parameters are defined for rockfalls
and rock slope instabilities on a regional scale for the entire county of Sogn &
Fjordane, western Norway. It is demonstrated that always a combination of sev-
eral parameters is necessary to destabilize a mountain side. Rockfalls have the
strongest spatial relation to the presence of bare rock as well as landslide deposits,
the degree of tectonic deformation and the geological lineament density. Large rock
slope instabilities develop preferentially within relatively weak rock units, such as
phyllites or weathered mafic gneisses, and at convex slope breaks. Looking more
into detail, a strong structural control is confirmed by numerical modelling for the
unstable rock slope at Stampa.

Susceptibility and hazard are assessed at different scales and with different
measures. Quantitative rockfall susceptibility is mapped on a regional scale for
the entire county of Sogn & Fjordane based on the statistical analysis of a set of
controlling factors. In addition, this statistical susceptibility model is combined
with a physically based model, restricting the susceptibility map to areas that are
steep enough to represent a potential rockfall source. This combination allows
using road inventories, with registered impact points instead of release areas, for
susceptibility modelling. In contrast, relative susceptibility and also hazard are
assessed locally for single parts of the unstable rock slope at Stampa based on
morphology and past activity. Present day annual expectable frequencies for rock
slope failures of certain volume classes are determined for the Storfjord region

in western Norway based on magnitude-frequency analyses. Furthermore, a semi



quantitative hazard estimation is obtained for each potential instability based on
a qualitative susceptibility assessment of each instability in this region.

This PhD thesis presents results of the first attempts of quantitative statistical
analyses of different inventories covering rock slope instabilities in Norway. It
is shown that susceptibility and hazard can be assessed with different measures,

forming the basis for further decisions regarding risk assessment and mitigation.
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Chapter 1

Introduction

1.1 Motivation

Rock slope failures represented a frequent hazard to populated mountain regions
throughout time and still do so. This is a consequence of the topographical, geo-
logical and meteorological characteristics of mountain regions. Additionally, many
mountain ranges, where high landslide hazards exist, have been affected by re-
peated glaciations during the Pleistocene, with the end of the Last Glacial Max-
imum around 20,000 years BP on the northern hemisphere (Clark et al., 2009).
The landscape development in these areas is strongly influenced by glacial and
postglacial processes. Glacier retreat commonly exposes a landscape that is prone
to rapid changes due to a sudden unloading of glacially oversteepened slopes (Bal-
lantyne, 2002a). Rock slope failures are common during the adaption of rock
slopes to postglacial conditions. Many international studies indicate a relation be-
tween rock slope instabilities and late Pleistocene deglaciation (e.g., Agliardi et al.,
2001, 2009a; Ambrosi and Crosta, 2006; Braathen et al., 2004; Eberhardt et al.,
2004; Ghirotti et al., 2011).

Glacially oversteepened slopes in combination with unfavourable climatic con-
ditions, like heavy seasonal precipitation, intense snowmelt in spring and long frost
periods, increase the vulnerability for rock slope failures in western Norway (Blikra
et al., 2006; Saintot et al., 2011). During the last century, Norway has suffered
several natural disasters with a significant number of casualties due to rock slope
failures and related tsunamis (Furseth, 2006). Several historical disasters are docu-
mented in western Norway and in total there are 659 documented fatalities during
the last approximately 600 years due to rock slope failures. Owing to the present
situation of global climatic change, leading to a warmer and wetter climate in
Norway, factors that may trigger rock slope failures will change (Dyrrdal et al.,
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Introduction

2012; Flatgy et al., 2008). Whether this will lead to an increase in the frequency of
rock slope failures or not is still under debate (Jaedicke et al., 2008). However, rock
slope instabilities and consequent rock slope failures are related to a wide variety of
environmental factors and additional parameters, besides the climate, that control
their spatial distribution. The determination of the critical parameters involved
in the development of rock slope failures in western Norway is crucial in order to
optimize hazard recognition. In addition, a better understanding of the spatial and
temporal variability of prehistoric and historic rock slope failures as well as present
day rock slope instabilities will optimize monitoring and further research on the
susceptibility of possible future rock slope failures. A major challenge for studies
in Norway is to efficiently find and investigate possible future rock slope failures in

order to prevent extensive humanitarian disasters in future.

In order to understand the spatial dependencies and controlling parameters of
rock slope instabilities and failures properly, it is necessary to look at an entire
region and to prevent focusing exclusively on single sites. However, up to now
studies of unstable rock slopes in Norway are mainly directed towards site-specific
research of large instabilities (see Chapter 3), but not towards quantitative regional
scale investigations. Only few studies discuss more regional aspects of unstable rock
slopes. For example Blikra et al. (2006) describe a clustering of rockslides in specific
zones in Norway, but do not include the underlying reasons in this spatial approach.
Saintot et al. (2011) and Henderson and Saintot (2011) describe a link between
rock slope instabilities in western Norway and ductile and brittle structures, but
these studies are not based on quantitative analyses. Bjerrum and Jgrstad (1968)
and Sandersen et al. (1996) highlight a meteorological influence on rockfalls by
applying simple binary statistics of historical events. In contrast, Dunlop (2010)
investigated the relation between rock slope failures and meteorological conditions
as well as topography and geology quantitatively applying Weights-of-Evidence
based susceptibility mapping for a region in southwestern Norway (Hordaland and
Sogn & Fjordane Counties). Furthermore, Erener and Diizgiin (2010) present a
statistically based susceptibility map of landslides for western Norway (Mgre &
Romsdal County) applying different regression methods. However, their focus is
strongly on the mathematical methodology, and not on the geological model. In
addition, a lack of detailed knowledge about the local geological conditions as well

as the used inventory is obvious.

Worldwide, systematic studies of slope failures resulting in quantitative suscep-
tibility and hazard assessments exist numerously, but nevertheless, this topic is still
a cause for ongoing debates. Catalogues of historic or prehistoric events are essen-
tial for hazard estimations. However, most inventories face temporal and spatial
censoring of data to different degrees, including underreporting of data, incomplete
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data, inadequate sample time intervals or protective measures in high susceptible
zones (Hungr et al., 1999). Especially for large rock slope failures the inventories
normally do not contain enough events given a homogeneous region in order to
obtain significant results from statistical analyses. This is mainly due to the fact
that historical inventories cover a too short time period in order to capture low
frequency-high magnitude events adequately. Pre-historic rock slope failures need
to be included to cover the entire volume spectra of potential failures. However,
for those, information about the timing is sparse. All together, these limitations

complicate quantitative statistical analyses of these inventories.

1.2 Primary goals of the thesis

The primary goal of this study is to quantify the spatial and temporal variability of
instabilities within western Norway. It is further aimed to determine the controlling
parameters on the development of rock slope instabilities within the study region.
Focus is set on quantitative analyses, in order to identify controlling parameters and
to assess susceptibility and hazard for rock slope instabilities. Different magnitudes
of rock slope instabilities are considered and the different investigations are based
on different scales, ranging from site specific investigations towards studies covering

an entire county.

1.3 Organization of the thesis

This thesis consists of 7 Chapters. Following the present introduction (Chapter
1), Chapter 2 gives an overview of the scientific background on which this study
is based. Chapter 3 contains an introduction to the study area in general and in
more detail to rock slope failures in Norway. Chapter 4 presents an overview of the
approaches used in this theses. a general discussion of the main tasks and findings
is given in Chapter 5. Chapter 6 summarizes the main findings and conclusions of
this thesis. Finally, Chapter 7 gives an outlook on possible future reasearch.

The full versions of the four research papers comprising the scientific work of
this thesis are presented in Appendix A to E. A short overview of the research

topics for each research paper is given in the following sections.

1.3.1 Paperl

Boéhme, M., Derron, M.-H. and Jaboyedoff, M.: Quantitative spatial analysis of
rockfalls from road inventories - a combined statistical and physical model. Sub-
mitted to Natural Hazards and Earth System Sciences (Appendix A).

3
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In this paper, the possibility of using road inventories with registered impacts
instead of release areas for susceptibility modelling is investigated. A rockfall inven-
tory from the Norwegian Directorate of Public Roads is analysed spatially in order
to investigate potential controlling parameters for the Norwegian county Sogn &
Fjordane. Quantitative spatial relationships are then used to model rockfall suscep-
tibility with the help of the probabilistic Weights-of-Evidence method. Combining
the resulting statistical susceptibility model with physically determined potential
rockfall source zones, restricts the susceptibility map to areas that are steep enough
to represent a potential rockfall source.

1.3.2 Paper 11

Bohme, M., Saintot, A., Henderson, I., Henriksen, H. and Hermanns, R.L.: Rock-
slope instabilities in Sogn & Fjordane County, Norway: a detailed structural and
geomorphological analysis, in: Slope Tectonics, edited by Jaboyedoff, M., Geologi-
cal Society, London, Special Publications, 351, pp. 97-111, 2011 (Appendix B).

This paper gives an overview of rock slope instabilities and failures in the Norwe-
gian county Sogn & Fjordane. A detailed structural and geomorphological analysis
is presented for four selected rock slope instabilities. The main characteristics of
instabilities in Sogn & Fjordane are analysed. Finally, these findings as well as the
general spatial distribution of rock slope instabilities and failures in this county are
compared to another Norwegian county, namely Mgre & Romsdal.

1.3.3 Paper III

Bohme, M., Hermanns, R.L., Oppikofer, T., Fischer, L., Bunkholt, H.S.S., Eiken,
T., Pedrazzini, A., Derron, M.-H., Jaboyedoff, M., Blikra, L..H., Nilsen, B.: Ana-
lyzing complex rock slope deformation at Stampa, western Norway, by integrating
geomorphology, kinematics and numerical modeling. Engineering Geology, 154, pp.
116-130, 2013 (Appendix C).

This paper presents a detailed analysis of the unstable rock slope Stampa in
Sogn & Fjordane. An analysis of yearly differential Global Navigation Satellite
System surveys and detailed geomorphic and structural analyses based on field data
as well as high-resolution digital elevation models were conducted. In addition,
continuum and discontinuum numerical modeling were used to understand the
influence of former rockslide activity as well as the deformation of the unstable

4
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slope with respect to the failure mechanism. Two different lobes of prehistoric rock
slope failures were dated with terrestrial cosmogenic nuclides in order to constrain
the chronology and nature of rockslide events at Stampa and to be able to define
a relative failure susceptibility for the different compartments of the instability.

1.3.4 Paper IV

Bohme, M., Hermanns, R.L., Fischer, L., Oppikofer, T., Bunkholt, H.S.S., Derron,
M.-H., Carrea, D., Jaboyedoff , M., and Eiken, T.: Detailed assessment of the
deep-seated gravitational deformation at Stampa above Flam, Norway, in: Land-
slides and Engineered Slopes. Protecting Society through Improved Understanding:
Proceedings of the 11th International & 2nd North American Symposium on Land-
slides, Banff, Canada, 3-8 June 2012, edited by Eberhardt, E., Froese, C., Turner,
A K. and Leroueil, S., CRC Press, pp. 647-652, 2012 (Appendix D).

This publication presents a preliminary stage of the investigations carried out
at the unstable rock slope Stampa in Sogn & Fjordane. Focus is set on detailed
geomorphic and structural analyses based on field data as well as high-resolution
digital elevation models and the analysis of yearly differential Global Navigation
Satellite System surveys. A preliminary model for the failure mechanism is devel-

oped and indications for the relative failure susceptibility are given.

1.3.5 Paper V
Bohme, M. Oppikofer, T., Longva, O., Jaboyedoff, M., Hermanns, R.L., Derron,

M.-H.: Analyses of past and present rock slope instabilities in a fjord valley: Im-
plications for hazard estimations. Manuscript, submission planned to Earth and
Planetary Science Letters (Appendix E).

Within this manuscript, the temporal distributions of number and volumes of
an inventory of in total 108 rock slope failure deposits within the fjords of the
Storfjord region have been analysed. Terrestrial cosmogenic nuclide dating was
used to validate the relative ages of three fjord deposits. Expectable present day
frequencies and magnitudes of rock slope failures in the Storfjord region have been
defined. Furthermore, magnitude-frequency relations have been investigated for
the same deposits and additionally for a detailed inventory of ancient rockslide
scars and potential instabilities for a smaller region within the study area. The
magnitude-frequency relations are finally used to quantify the rockslide hazard for

the study area.






Chapter 2

General scientific background

2.1 Terminology

This study focuses on landslides in massive rock slopes. Rock slope failures are
within this study defined as the complete failure of a rock mass resulting in grav-
itational mass movements down a mountain slope. Those are today visible as a
deposit on or at the foot of the slope. Rock slope instabilities are rock slopes
that display signs of gravitational deformation and may form the sources of poten-
tial future rock slope failures. Both are classified after Cruden and Varnes (1996)
based on the type of observed or expected slope movement and their volumes into
rockfalls, rockslides and rock avalanches. Rockfalls are small rock slope failures,
generally < 10° m?3, involving free falling, bouncing, rolling and sliding during down
slope movement. Rockslides refer to volumes > 10°m? sliding along a basal fail-
ure surface. The catastrophic failure of a large rockslide might lead to a rock
avalanche, characterized by a stream of rapidly moving debris originating from the

disintegration of a failed rock mass and reaching long run-outs (Heim, 1932).

2.2 Controlling parameters for rock slope instabil-

ities and failures

Rock slope instabilities and consequent rock slope failures are influenced by a wide
variety of environmental factors and additional parameters controlling their spatial
and temporal distribution. Jaboyedoff et al. (2005) give an overview on factors that
theoretically may control rock slope instability, grouped into external and internal
parameters. Internal parameters like slope morphology, geological and structural
properties of the bedrock are altered over time by external factors, like climatic

7
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Figure 2.1: Tllustration of internal and external factors that may influence rock
slope instability (Source: Jaboyedoff et al. (2005), Fig. 2).

influence, gravity, active tectonics, erosion and others (Figure 2.1).

Various studies investigate rockfall locations with respect to their controlling
parameters statistically (e.g., Duarte and Marquinez, 2002; Ruff and Czurda, 2008;
Tanarro and Munoz, 2012). Spatial relations between controlling parameters and
rockfall locations are used to predict rockfall source areas by means of different
statistical or probabilistic modelling techniques on a regional scale, resulting in
susceptibility maps (e.g., Blais-Stevens et al., 2012; Frattini et al., 2008; Marquinez
et al., 2003; Marzorati et al., 2002; Shirzadi et al., 2012; Zahiri et al., 2006). Major
controlling parameters within these studies were lithology, slope angle, tectonic
structures and morphology.

Statistical analyses of spatial controlling parameters for larger rock slope in-
stabilities and failures are, however, rare. This is mainly due to relatively small
numbers of such events in inventories, from a statistical point of view, resulting
in statistically non-significant spatial relations. Therefore, existing studies mainly
concentrate on descriptive statistics, comparing characteristics of rock slope insta-
bility or past failures to the characteristics of their surrounding areas. Fischer et al.
(2012) analysed historic rock slope failures of different magnitudes, ranging from
rockfalls to rock avalanches in the European Alps spatially. They present a higher
concentration of rock slope failures in areas affected by recent deglaciation, in per-
mafrost areas, for elevations above 2800 meter a.s.l. and on slopes with a slope
gradient larger than 40°. Pedrazzini (2012) highlights a strong spatial relation in
between large rock slope deformations in the Rhone valley, Switzerland and pre-

existing tectonic features, orientation of main foliation, high local relief, high uplift
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gradient and high seismic energy release. In contrast, Crosta et al. (2013) and
Agliardi et al. (2013) succeeded with a quantitative analysis of a large inventory of
deep seated gravitational slope deformations in the European Alps. They suggest
that the main controlling factors for this type of rock slope instability are lithology,
Last Glacial Maximum ice thickness, local relief, slope size, drainage density and

river stream power.

2.3 Landslide susceptibility and hazard assessment

Landslide susceptibility is the spatial probability of occurrence of a landslide within
a given area (Fell et al., 2008). It is a qualitative or quantitative measure how
prone an area or a certain volume of a mountain side is to landsliding. Landslide
susceptibility may include either the source or the run-out area or both. This thesis,
however, focuses on the source areas only. Landslide hazard is the probability of
the occurrence of a landslide of a certain magnitude within a given time period and
within a specified area or at a specific location (Fell et al., 2008).

Landslide susceptibility and hazard can be assessed on different scales, ranging
from site specific assessments to regional susceptibility and hazard maps. A variety
of methods and models for landslide susceptibility and hazard assessment has been
applied, including qualitative and quantitative methods. However, the majority
of published literature assesses only landslide susceptibility and not hazard (van
Westen, 2004).

Qualitative methods are based on expert knowledge about the study area and
the studied phenomenon and are thus highly subjective (Hervas and Bobrowsky,
2009). They include geomorphological mapping, analysis of landslide inventories
and heuristic approaches (Guzzetti et al., 1999). The latter are based on expert-
weighted combinations of factors associated with landsliding in the study area.

Quantitative methods can be divided into statistically- and physically-based
methods. Statistical methods are funded on the analysis of a landslide inventory in
combination with several controlling parameters. The resulting spatial relations
between landslides and controlling parameters form the basis for susceptibility
maps. Statistically-based susceptibility maps are based on the assumption that
future landslides of any type will occur under similar geological and geometrical
circumstances as past landslides of the same type have occurred (Guzzetti et al.,
1999). Various GIS-based statistical analysis methods for landslide susceptibility
or hazard assessment have been proposed and applied in the literature. Introduc-
tions and overviews of quantitative statistical methods for landslide susceptibility
or hazard assessment can be found in Brenning (2005); Chung and Fabbri (2003);
Guzzetti (2005); Guzzetti et al. (1999); Hervas and Bobrowsky (2009); Soeters and

9



General scientific background

van Westen (1996); van Westen (2000). Physically-based models, also called de-
terministic or geotechnical models, are based on physical laws controlling slope
instability. Hazard is determined with slope stability models, resulting in a factor
of safety. Physically-based models are primarily applied for site specific hazard
estimations due to the requirement of a large amount of geotechnical input data.

2.4 Influence of deglaciation on the stability of rock

slopes

In general, three main factors that lead to the destabilization of rock slopes due to
glacial processes are reported in literature and will be presented in more detail in
the following sections (e.g., Ballantyne, 2002a):

1. Glacial erosion leading to oversteepened rock walls (Section 2.4.1)
2. Glacier retreat resulting in debuttressing of the valley walls (Section 2.4.2)

3. Glacial thinning causing isostatic uplift of the formerly ice-loaded area (Sec-
tion 2.4.3).

Isostatic uplift acts on a regional scale and is influencing the entire formerly
glaciated area. In contrast, the effect of glacial erosion and debuttressing vary on a
local scale. Another effect that may influence the stability of rock slopes is erosional
unloading. If glacial erosion rates are very high, this erosional unloading may cause
uplift of an entire region or local rebound of valley walls and floors (MacGregor
et al., 2009). However, it is generally assumed that this influence is relatively small
compared to the other three factors mentioned above and is thus not described in
more detail here.

Changes in temperature and moisture conditions after deglaciation may addi-
tionally have an effect on postglacial slope stability (Hewitt, 2009). Permafrost
may develop in the previously ice-bound rock walls after deglaciation and can
partly be responsible for the development of rock slope instabilities (Kneisel, 2003;
Wegmann et al., 1998). However, only direct glacial influences, as described above,

are considered here.

2.4.1 Glacial erosion and oversteepening of slopes

It is a well-known concept that glacial erosion enhances the pre-glacial topogra-
phy and thus steepens rock slopes as well as deepens valleys (MacGregor, 2000).
This effect is enhanced in mountainous terrain where ice flow is concentrated along
glacial troughs (Ballantyne, 2002a). A typical V-shaped valley cross-section will

10
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Figure 2.2: a) Originally V-shaped valley cross sections are overdeepened by glacial
erosion, leaving U-shaped valleys with steeper valley walls behind. b) Initial and fi-
nal bedrock profile from numerical modelling of glacial erosion (Source: MacGregor
et al. (2009), Fig. 8)

develop into a U-shaped valley by glacial erosion, exhibiting steeper valley walls
(Figure 2.2a; Harbor et al., 1988). MacGregor et al. (2009) modelled the valley
profile development due to glacial erosion. They showed for various scenarios that
valley floors flatten and the height of rock faces increases, thus the valley walls
steepen (Figure 2.2b). Furthermore, they point out that the initial geological con-
ditions, like bedrock type or pre-existing joints will strongly influence the glacial
erosion and may enhance oversteepening if the geological conditions are favourable.
Oversteepening of the valley walls as well as heightening of the rock faces finally
leads to increased self-weight shear stresses that act within the rock mass (Fig-
ure 2.3a; e.g., Caine, 1982; Radbruch-Hall, 1978). The changed in-situ stress field
will lead to failure after deglaciation if the applied stresses exceed the rock mass
strength. Abele (1994) argue that glacial oversteepening of the slopes is the main
causal factor for rockslides in the European Alps. Eberhardt et al. (2004) demon-
strate with numerical models of the Randa rockslide in Switzerland that the stress
redistribution resulting from oversteepening of the slopes intensifies the fracture
propagation. Holm et al. (2004) show that recent catastrophic failures and deep-
seated gravitational slope deformation in British Columbia, Canada, show a spatial
correlation with slopes that were oversteepened by glacial erosion during the Little
Ice Age. Glacial erosion during successive glacial phases may cause broken slope
profiles. Ambrosi and Crosta (2011) presented with numerical modelling that this
specific slope geometry is more prone to failure.
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2.4.2 Glacial debuttressing

Glacier retreat involves the removal of the support of the glacier ice on the valley
walls and thus promotes rock slope failure through the redistribution of internal
rock stresses (Evans and Clague, 1994; Haeberli et al., 1997; Selby et al., 1988).
Rock masses that are loaded with the weight of a thick ice sheet show much higher
internal stress levels than observed only by self-weight loading (Carlsson and Ols-
son, 1982). If a glacier occupies a valley, the ice load is acting both on the valley
floor and the valley walls. This ice-load causes a compression of the rock that leads,
when applied over a long time period to a deformation which is in most rock types
elastic and thus stored within the rock mass as residual strain energy (Wyrwoll,
1977). Consequently, the removal of a thick ice-sheet and thus the reduction of
the confining pressure, results in unloading of the rock mass and strain energy re-
lease (Figure 2.3b; Ballantyne, 2002a). This process may alter the state of stress
or even shift the orientation of the principal stress field that existed in the rock
mass before deglaciation. Commonly a tensile stress region develops behind the
slope (Figure 2.3a). Relaxation of these tensile stresses within the rock mass causes
rebound within the valley walls (Ballantyne, 2002a). Stress release is preferentially
located along pre-existing zones of weakness that are oriented in a suitable direc-
tion, otherwise by the formation of new joints. The relaxation of internal stresses
after deglaciation may lead to the destabilization of the affected rock slopes, in-
cluding for example local expansion of rock joints (Figure 2.3c bulging, cracking or
slow movements of rock masses (Geertsema et al., 2006).

Debuttressing of formerly glaciated valley slopes is confirmed as the main reason
for failure initiation in many studies by numerical modelling (e.g., Agliardi et al.,
2001, 2009b; Ambrosi and Crosta, 2006, 2011; Eberhardt et al., 2004; Evans and
Clague, 1994; Fischer et al., 2010; Ghirotti et al., 2011; Jaboyedoff et al., 2012).
Ambrosi and Crosta (2006) indicate that deformation at the Mt. Legoncino slope
in the Ttalian Alps was initiated directly after the start of the glacial retreat with
the development of a basal shear zone. Furthermore, the thickness of the failing
mass is increasing with decreasing glacier thickness during continuing deglaciation.
In a similar way, Agliardi et al. (2001) suggest that postglacial unloading was the
main triggering factor of deep-seated slope deformations in the Italian Alps. Their
numerical models show an elastic rebound of the slope and the valley floor during
glacier retreat, followed by the formation of failure surfaces and the reactivation of
pre-existing fractures. Cossart et al. (2008) studied the spatial distribution of rock
slope failures in the Southern Alps of France with regard to the magnitude of glacial
stress release. This study showed that the failures are preferentially located where
the stresses, imposed by former glacial loading, were highest. They thus conclude
that glacial debuttressing and associated stress release played an important role in
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Figure 2.3: a) Many studies suggest tensile stress conditions at the top of a rock

slope and compressive stresses at the base of a slope in a recently deglaciated
valley (e.g., Crosta et al., 2013; Kinakin and Stead, 2005; Selby, 1993). In addition,
increased shear stresses develop owing to oversteepening of the valley walls (Source:
Selby (1993) Fig. 15.2). b) During glaciation, the bedrock is reacting against the
glacial pressure: an equilibrium exists at the end of the glacial maximum. After
deglaciation, the bedrock reaction is still sensitive, generating the deglacial stress
release (Source: Cossart et al. (2008), Fig. 3B). ¢) Vertical joints that have opened
in response to glacial debuttressing (Source: Geertsema et al. (2006), Fig. 3).
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the development of the rock slope failures.

In contrast to this commonly accepted theory, McColl and Davies (2013) re-
cently questioned that elastic strain due to glacial loading will be stored in a slope.
Their studies showed that non-elastic deformation of the ice could accommodate
slope deformations. Glacial retreat will after McColl and Davies (2013) only re-
move the confining pressure and reduce slope support for the glacially oversteepened
slopes, which may lead to the development of rock slope failures.

2.4.3 Glacio-isostatic rebound

In formerly glaciated areas isostatic uplift is a consequence of the down melting of
the ice sheet. Ice loading causes an elastic flexural response of the lithosphere with
a wavelength of the flexure reaching the scale of a mountain range (MacGregor
et al., 2009; Persaud and Pfiffner, 2004). The vertical lithospheric uplift after ice
removal is a gradual return of the down-warped areas of the ice-loaded crust, back
towards its original pre-ice age state. These uplift rates can reach relatively high
values compared to tectonic uplift rates. In Fennoscandia, the highest measured
present uplift rates are 10 mm/year in the Gulf of Bothnia (Kierulf et al., 2013)
and up to 6 mm /year in Norway (Vestgl, 2006).

It has been shown that regional uplift, independent from its origins, can be
the cause for an increased relief and, therefore, may negatively affect the stability
of slopes (Galadini, 2006; Martino et al., 2004). A direct relation between post-
glacial isostatic uplift and the development of rock slope instabilities has not been
investigated so far. Henderson and Saintot (2011) present a clustering of historical
gravitational slope failures as well as current instabilities at large uplift gradients
within a transect through the Norwegian County Mgre & Romsdal (Figure 2.4).

2.5 Temporal models of post glacial slope adjust-

ment

Failure of previously ice-bound rock walls occurs in most published cases during
or immediately after deglaciation (e.g., Agliardi et al., 2001, 2009a; Ambrosi and
Crosta, 2006; Cossart et al., 2008; Hippolyte et al., 2012). However, few studies
presented a delayed failure (Hippolyte et al., 2009; McColl, 2012), possibly due to
time-dependent dissipation of residual stresses within the rock mass, which lead
to a continuous weakening of the rock slope (McColl, 2012; Wyrwoll, 1977). In
general, oversteepened slopes tend to adjust rapidly to changed stress conditions
owing to glacial debuttressing. Rock slope failure on the affected slopes results
in the reduction of the slope angle leading towards a strength equilibrium state

14



General scientific background

@ Unstable slopes

e Pastrock avalanches
(mainly historical recorded)
MeoreTrondelag Fault Complex

[
———— 3.0
——

- Historical rockslide
. Potential rockslide

FREQUENCY OF
LANDSLIDE SITES
\
UPLIFT (mmlyear)

20 40 60 80 100 120 140 160 180 200
DISTANCE (Km)

o

Figure 2.4: Historical rock slope failures and current instabilities cluster at large
uplift gradients within a transect through the Norwegian County Mgre & Romsdal.
A) Overview map. B) Frequency histograms of landslide localities relative to uplift
pattern. Profile X-Y includes landslides from a 60 km wide zone around each
profile. (Source: Henderson and Saintot (2011), Fig. 1A & B).
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Figure 2.5: Different proposed models about how the frequency of rock slope fail-
ures may change following deglaciation (Source: Ballantyne and Stone (2013),
Fig. 1)

(Ballantyne, 2002a). However, this adjustment is strongly influenced by the rock
mass strength and particularly the existence of a joint network. Since the develop-
ment of the latter is time-dependent, deep-seated gravitational rock slope failures
may still occur long time after deglaciation (Ballantyne, 2002a; Hewitt, 2009). In
many cases deep-seated gravitational rock slope deformations are formed by slow
rock mass movements directly after deglaciation, producing typical landforms, like
convex bulging slopes, doubled ridges, scarps, counter scarps, trenches and oth-
ers (Agliardi et al., 2001; Ballantyne, 2002a; Kinakin and Stead, 2005). Even if
these slope deformations may be a precursor of a catastrophic rock slope failure,
many of the studied deep-seated instabilities appear to be inactive now (Agliardi
et al., 2001; Ambrosi and Crosta, 2006; Ballantyne, 2002a). Others exhibit the
same rate of gravitational creeping since deglaciation (Ambrosi and Crosta, 2006;
Blikra et al., 2006; Hermanns et al., 2012b).

It is well accepted that rock slope failures decrease in number and size with
the time elapsed since deglaciation (Ballantyne, 2002a, b; Cruden and Hu, 1993),
but the exact temporal pattern has only been constructed for few inventories and
is still debated (Ballantyne and Stone, 2013; Dortch et al., 2009; McColl, 2012).
Different models about how the frequency of rock slope failures may change fol-
lowing deglaciation have been proposed in literature, namely exhaustion, steady
state decline, rapid response and constant frequency model (Figure 2.5). Initially,
constant frequency models were used (Cruden and Hu, 1993; Evans and Gardner,
1989), assuming that the frequency of rock slope failures in a given area does not
change over time. Cruden and Hu (1993) developed an exhaustion model, based
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on the observation that slopes rupture only ones. The failure frequency in a given
area is thus declining exponentially with time after deglaciation, since the number
of potential failure sites is continuously reduced. Ballantyne and Stone (2013) pro-
pose two additional models. First, the rapid response model, were most rock slope
failures occur directly after deglaciation and only few infrequent failures happen
thereafter. Second, they propose a steady-state decline model, which is character-
ized by a linearly decreasing frequency of rock slope failures in a given area since
deglaciation.
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Chapter 3
Rock slope failures in Norway

During the last century, Norway has suffered several natural disasters with large
numbers of casualties due to rockslides and related tsunamis (Furseth, 2006). Sev-
eral big historical disasters are documented in western Norway, among them, the
Loen and Tafjord fatalities. At Loen seven big rockslides went into the adjacent
lake, all of them triggering displacement waves. Two of these lake tsunamis killed
together 135 people in the years 1905 and 1936 (Bjerrum and Jgrstad, 1968; Grim-
stad, 2005). Similarly, in 1934 a tsunami wave was created by a rockslide that
went into the Tafjord and killed 40 people (Furseth, 2006). Smaller magnitudes of
rock slope failures are a frequent hazard in Norway, especially within the Alpine
topography of the coastal fjord areas. Historical records and geological studies of
western Norway show a high concentration of postglacial gravitational slope failures
as well as current rock slope instabilities (Blikra et al., 2006; Saintot et al., 2011;
Paper I and II). The counties Sogn & Fjordane and Mgre & Romsdal, both located
in western Norway, are historically most affected by rock slope failures and have
the largest loss of life due to rock slope failures and related tsunamis (Figure 3.1
and 3.2). This high exposure to rock slope failures lead to several studies focusing
on current rock slope instabilities in these counties and geological knowledge about
rock slope instabilities in these regions was largely extended (Henderson and Sain-
tot, 2011; Hermanns et al., 2011; Saintot et al., 2011,Paper II). Ongoing mapping
activities at the Geological Survey of Norway aim to detect all rock slopes that
could fail catastrophically. As a results of these studies there are presently four
rock slope instabilities under continuous monitoring in Norway (Blikra and Kris-
tensen, 2013; Blikra et al., 2013), Aknes (Blikra, 2008), Hegguraksla and Mannen
(Kristensen and Blikra, 2013; Saintot et al., 2012) in western Norway and Nordnes
(Nordvik et al., 2010) in northern Norway.

Previous studies of unstable rock slopes are concentrated in western Norway and
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Figure 3.1: Number of rock slope failures and related casualties for each affected
Norwegian county (Skrednett). Sogn & Fjordane County is historically most af-
fected by rock slope failures and has the largest loss of life due to rock slope failures

and related tsunamis.

are primarily an outcome of the Aknes /Tafjord project. The Aknes /Tafjord project
was a large international research project focusing on the investigation, monitor-
ing and early warning of the Aknes rockslide and other large unstable rock slopes
in the inner Storfjord region (Figure 3.3; Blikra, 2008). Numerous site specific
investigations have been conducted at the Aknes rockslide, covering geophysical
investigations (e.g., Heincke et al., 2010; Roth and Blikra, 2009), numerical mod-
elling (e.g., Grgneng et al., 2010; Kveldsvik et al., 2008, 2009a, b), the development
of geological models (e.g., Ganergd et al., 2008; Jaboyedoff et al., 2011; Nordvik
et al., 2009; Oppikofer et al., 2009), displacement analysis (Grgneng et al., 2011;
Nordvik and Nyrnes, 2009) and hazard and risk assessments (e.g., Blikra et al.,
2005; Derron et al., 2005a; Eidsvig et al., 2011; Lacasse, 2008). In addition, few
studies on other unstable rock slopes in western Norway exist (Anda et al., 2002;
Bhasin and Kaynia, 2004; Derron et al., 2005b; Saintot et al., 2012).

More regional investigations, including several present rock slope instabilities
and discussing regional aspects of the distribution of those have been undertaken
(Blikra et al., 2006; Braathen et al., 2004; Henderson and Saintot, 2011; Oppikofer,
2009; Saintot et al., 2011).

Several studies about historic rock slope failures exist in western Norway, how-
ever, they are mainly limited to three rock slope failures, namely the previously
mentioned Tafjord (Bjerrum and Jgrstad, 1968; Furseth, 1985, 2006; Hermanns
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Figure 3.2: Overview of historic rock slope failures in western Norway. Rock slope
failure densities are calculated based on a moving circular window with a radius of

5 km. The inset shows the location of the study area within southern Norway.
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Figure 3.3: Overview of relevant rock slope instabilities in western Norway on
top of the 1:250,000 bedrock map of the Geological Survey of Norway (NGU
Berggrunnskart). The investigation level presents the highest level of investiga-
tion for each instability. The different study areas for each paper are marked with
black outlines.
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et al., 2006; Jorstad, 1968; Panthi and Nilsen, 2006; Sandersen et al., 1996) and
Loen fatalities (Bjerrum and Jorstad, 1968; Furseth, 2006; Grimstad, 2005; Grim-
stad and Nesdal, 1990; Hermanns et al., 2006; Jorstad, 1968; Sandersen et al., 1996)
and in addition a rock slope failure at Tjelle (Furseth, 2006; Jorstad, 1956, 1968;
Redfield and Osmundsen, 2009). Most of these studies give only a descriptive
overview of those rock slope failures, their fatalities and a general geological or
geotechnical description. Besides this, Jorstad (1968) focuses on the tsunamis that
have been generated by all three rock slope failures. Grimstad (2005) analysed the
stability of the Loen rockslide and Panthi and Nilsen (2006) conducted a numeri-
cal analysis of the Tafjord slide. Sandersen et al. (1996) investigate the potential
meteorological influence on the Loen and Tafjord rock slope failures. Redfield and
Osmundsen (2009) discuss the possible triggering of the Tjelle rock slope failure by
an earthquake, linking it to active tectonics.

Only few studies of pre-historic rock slope failures have been conducted in
western Norway, focusing either on analysing the release areas (Oppikofer, 2009;
Oppikofer et al., 2011) or on mapping and dating of the deposits (Bge et al., 2004;
Fenton et al., 2011; Longva et al., 2009).

3.1 Study area

The study area in general comprises western Norway, including the two Norwegian
counties Sogn & Fjordane and Mgre & Romsdal. Paper I and II cover the entire
county of Sogn & Fjordane covering 18,600km? of land area. Paper III and IV
focuses on the unstable rock slope Stampa in Sogn & Fjordane. Signs of postglacial
deformation are visible over an area of 11 km? at this unstable rock slope. Paper V
concentrates on the Storfjord region in Mgre & Romsdal, covering an investigated
area of 400km? (Figure 3.3). Western Norway is characterized by an alpine relief.
Elevations are ranging from sea level up to maximal 2400 m for the highest summit

within relatively short distances.

3.1.1 Geology

The bedrock of western Norway consists mainly of Lower Palaeozoic and Precam-
brian metamorphic rocks. The rocks of the study area have undergone intense
reworking by a general NW-SE oriented crustal shortening during the Caledonian
Orogeny, resulting in a thrust sheet transport towards SE onto the Precambrian
basement (Roberts and Gee, 1985). The geological setting can be divided into
three units, the Precambrian basement, the Caledonian nappes and Devonian sed-
imentary basins including a wide range of lithologies (Figure 3.3). In addition,
a significant amount of tectonic events affected the bedrock of western Norway,
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including the ductile Caledonian Orogeny, the semi-ductile post-orogenic collapse
and also brittle tectonics, like the Permo-Triassic and Jurassic rifting phases. This
tectonic history resulted in a high density of brittle, ductile and semi-ductile struc-
tures within the study area. A clear structural control of rock slope failures as
well as unstable rock slopes is visible in the field (Henderson and Saintot, 2011;
Oppikofer, 2009; Oppikofer et al., 2011; Saintot et al., 2011).

3.1.2 Glacial history

Due to its high latitude, entire Norway was affected by the last glaciation, the Late
Weichselian glaciation, having its maximum about 20,000 years ago. Deglaciation
in western Norway took place in the period 13,000 to 11,000 calibrated 4C years
BP (Aarseth et al., 1997; Fareth, 1987; Larsen et al., 1991). However, the inner-
most fjords where not completely ice free until the glaciers re-advanced during the
Younger Dryas at 11,000-10,000 calibrated 4C years BP (Aarseth et al., 1997).
The retreat from the Younger Dryas was rapid and the fjords were probably ice
free around 10,000 calibrated *C years BP. However, in the study area exists still
one large plateau glacier, the Jostedalsbreen ice cap with several outlets reaching
into adjacent valleys. The outlet glaciers retreated since the Little Ice Age maxi-
mum around the year 1750 with several still stands or re-advances (Nesje, 2009).
After 2000 several outlet glaciers have retreated significantly with annual frontal
retreats of more than 100m (Nesje, 2009).

The topography of western Norway is strongly influenced by the quaternary
glaciations. Coastal islands, long U-shaped valleys and many deep fjords with steep
slopes are dominating landforms. This steep terrain in combination with heavily
fractured exposed bedrock indicates that this area is susceptible to rock slope
failures. Deglaciation has in addition resulted in a sudden unloading of the glacially
steepened slopes, resulting in a change of internal rock stresses and destabilization

of affected rock slopes.

3.1.3 Neotectonics

For the Fennoscandian shield a maximal rebound rate of 50-500 mm /year at about
10,000 BP has been documented (Mgrner, 1979). Different geodetic data exhibit
a high-rated present-day uplift with rates of up to 6 mm/year within Norway and
maximal 10 mm/year in the Gulf of Bothnia (Kierulf et al., 2013; Olesen et al.,
2004; Vestol, 2006). Whereas the general trend of uplift is assumed to be a result
of glacial isostasy, there exists a debate about the contribution of potential neotec-
tonic processes (Bungum et al., 2010; Fjeldskaar et al., 2000; Olesen et al., 2000).
Generally, Norway has a low to intermediate seismic intensity (Fjeldskaar et al.,
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2000). A concentration of earthquake activity is found west of mid-Norway, re-
flecting a rifted passive continental margin (Bungum et al., 2000). The postglacial
tectonic activity, including isostatic rebound and large magnitude earthquakes di-
rectly after deglaciation (Fjeldskaar et al., 2000; Olesen et al., 2004), may have

contributed to the high concentration of rock slope instabilities in the study area

3.1.4 Climate

The climate of western Norway displays large variations in between the coastal
areas and the areas with high relief further inland. The coastal area of the study
area includes the areas with the largest normal annual precipitation (3770 mm)
as well as the highest normal annual temperatures (7.4°C) of entire Norway. By
contrast, the mountain areas, exhibit large areas with normal annual temperatures
of -4°C or less representing the lowest annual temperatures of entire Norway. The
precipitation is essentially influenced by the large weather systems mainly coming
from west, resulting in a zone of maximum precipitation along the coast and along
the mountain front. These climatic conditions include heavy seasonal precipitation,
intense snowmelt in spring and long frost periods, which increase the vulnerability
for rock slope failures in western Norway (Blikra et al., 2006).

3.2 Inventories for rock slope failures and instabil-
ities

Different inventories and databases for rock slope instabilities and failures exist in
Norway. They are presented in the following.

The national database of rapid mass movements in Norway is the result of join-
ing four independent databases into one within the GeoExtreme project (Jaedicke
et al., 2008, 2009). This database differentiates between five landslide types, namely
rockslides, debris slides, snow avalanches, sub-aqueous slides and icefalls. The ma-
jority of registered landslides are from the Norwegian Directorate of Public Roads
including all types of events that affected a road starting registration in the year
1973. In addition, the Geological Survey of Norway (NGU), the National Rail Ad-
ministration and the Norwegian Geotechnical Institute (NGI) contributed to the
database. Events marked as ’rockslides’ in this database represent in most instances
rockfalls, however, events collected by NGU include a significant amount of larger
magnitude events, like rockslides and rock avalanches and spanning a larger time
period with the oldest registered event in the year 900. The combined database
contains presently 7278 rockslide events for Mgre & Romsdal and Sogn & Fjordane
County (Figure 3.2), whereof 6574 are registered by the road authorities, 120 by the
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National Rail Administration, 46 by NGI, and 538 historically documented events
causing significant damage and fatalities collected at NGU (Furseth, 2006). The
majority of events are registered as points where the event hit the road, railway or
the location of the damaged object and not at the release area. This complicates
the statistical analysis of the database with respect to the controlling factors.

A new database of potential unstable rock slopes in Norway was developed at
NGU during the last years (Bunkholt et al., 2013). The rock slope instabilities

included in the database are commonly > 10° m?3.

In the study area, 414 poten-
tially unstable rock slopes have been currently identified (Figure 3.3). However,
this database is until now not covering entire Norway systematically. The two
counties of the study area are together with Troms County in northern Norway the
most systematically mapped counties. All included sites have been investigated to
different details, ranging from not mapped to continuous monitoring. In the study
area, 3 unstable slopes are continuously monitored, namely Aknes, Hegguraksla
and Mannen (Blikra and Kristensen, 2013; Blikra et al., 2013), 50 are periodi-
cally monitored, 55 have been mapped in the field, 204 have been surveyed from
a helicopter and 102 are just identified based on the interpretation of aerial pho-
tographs, InSAR (interferometric synthetic aperture radar) data (Lauknes et al.,
2010) or observations of local residents (Figure 3.3). Of all investigated potential
instabilities, 188 have been classified as not relevant, either because of too small
magnitudes or missing signs of gravitational deformation. A classification system
in order to assign relative hazard and risk levels to all rock slope instabilities has
been developed (Hermanns et al., 2012a), but is not implemented so far.

In addition, two local but more detailed inventories exist in the Storfjord region,
Mgre & Romsdal. Longva et al. (2009) mapped 108 prehistoric and historic rock-
slide and rock avalanche deposits in the inner parts of Storfjord and its tributary
fjords based on a complete swath bathymetry and high-resolution reflection-seismic
profiles (Figure 3.4). The inventory covers the entire time period after deglaciation
and includes the areal extend, volume estimations and a relative age for each slide
deposit. Oppikofer (2009) identified and analysed 17 scars of ancient rockslides, 20
potential rock slope instabilities and three deep-seated gravitational slope defor-
mations from field observations and analysis of a high-resolution digital elevation
model as well as aerial photographs at the northeastern flank of Tafjord, a tribu-
tary fjord of the Storfjord (Figure 3.4). This database includes a detailed structural

description of each site, including volume estimations.
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Figure 3.4: Detailed inventory of rockslide deposits in the Storfjord region (Longva
et al., 2009). In addition, Oppikofer (2009) analysed Tafjord in more detail and
delimited several rock slope instabilities, resulting in a higher density of potential
instabilities in this area (outlined in black).
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Chapter 4

Methodological approach

A wide variety of methods and techniques have been used in this study at different
scales. The studied scales range from local-scale studies covering several single
slope instabilities to regional-scale analyses covering the innermost part of a fjord
system and up to an entire county. This chapter is giving an overview of the applied
methodologies and used data. All methodologies are described in more detail in
the corresponding papers.

Available base data, covering the entire study area and thus forming a base for
all papers include a digital elevation model with a cell size of 25 m, a 1:250,000
bedrock map of the Geological Survey of Norway (NGU Berggrunnskart), a qua-
ternary map of the Geological Survey of Norway (NGU Lgsmassekart), mainly at
a scale of 1:250,000 and 1:50,000 for the study area, aerial photographs and topo-
graphic maps. In addition, more specific and more detailed datasets were used for
the different studies. For the regional-scale studies those include different invento-
ries of rock slope failures and instabilities (Paper I, IT and V), as well as neotectonic
and climatic data (Paper I). On a local-scale a digital elevation model with higher
resolution (Paper III and IV), field data (Paper II, IIT and IV), differential Global
Navigation Satellite System surveys (Paper IIT and IV) and terrestrial cosmogenic
nuclide dates (Paper IIT and V) have been aquired. Each specific dataset is de-

scribed in more detail in the corresponding paper.

4.1 Regional-scale approaches

Mainly descriptive statistics were used for the regional-scale studies (Paper I, II
and V). Within Paper I and II the locations of rock slope failures and instabilities
are investigated statistically with respect to their controlling parameters. Whereas
Paper I is based on quantitative GIS-based analyses using the Weights-of-Evidence
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method, Paper II is comparing characteristics of different rock slope instabilities
in order to define specific characteristics that are typical for the investigated in-
stabilities. The Weights-of-Evidence method is a probabilistic method that uses
known occurrences of a feature, which are rock slope instabilities within this study,
to quantify spatial associations between these features and the controlling param-
eters that cause the features to occur (Bonham-Carter et al., 1989). In Paper
V the temporal distributions of number and volumes of rockslide deposits on the
fjord bottom have been analysed with descriptive statistics in order to define the
expectable present day frequencies and magnitudes of rock slope failures in the
Storfjord region. In a similar way magnitude-frequency relations have been in-
vestigated for the same deposits and additionally for ancient rockslide scars and
potential instabilities in order to define the hazard that is due to rock slope failures

in this region.

4.2 Local-scale approaches

Local-scale approaches focus on rock slope instabilities in Sogn & Fjordane (Paper
IT, IIT and IV) and are strongly based on fieldwork, including geomorphological
and structural mapping, in combination with the analysis of high-resolution digital
elevation models based on airborne and terrestrial laser scanning data. Volume
calculations were possible based on the developed geomorphological and structural
models of the instabilities. In addition, simple kinematic feasibility tests for planar
sliding, wedge failure and toppling have been made based on the structural data
and the criteria defined by Richards et al. (1978) and Hoek and Bray (1981).

Numerical modelling of the most critical area of the unstable rock slope at
Stampa (Paper IIT) was used to investigate the influence of former rockslide activity
and to better understand the failure mechanism. A 2D continuum model was used
to analyse the stress distribution within the slope and to investigate the influence of
unloading the slope due to a prehistoric rockslide using the finite element software
Phase? (Rocscience, 2012). Furthermore, the potential failure mechanism was
investigated in more detail using a discontinuum model with the aim to reproduce
the current slope morphology from an assumed pre-deformation topography using
the distinct element code UDEC (Itasca, 2004).
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Chapter 5

Discussion

In this chapter, the main achievements and particular challenges of the thesis are
discussed linking together the research presented in Papers I-V. Specific discussions

can be found in the corresponding sections of each paper.

5.1 Rock slope instability inventories

This thesis is primarily based on the analysis of rock slope instability inventories
existing in Norway. The distribution and characteristics of registered rock slope
instabilities and failures are assumed to reflect the controlling parameters of rock
slope instability in the study area.

It has been questioned whether the existing slope failure inventories in Nor-
way are suitable for statistical analysis or not, because of their strong restrictions,
mainly temporal and spatial discontinuity and incompleteness (see Section 3.2).
However, temporal and spatial censoring of data is a problem that most inven-
tories face including under-reporting of data, incomplete data, inadequate sample
time intervals or protective measures in high susceptible zones (Hungr et al., 1999).
Especially the registration of most rockfalls within the national rock slope failure
database at the place of impact instead of the release area posed a major challenge
for statistical analyses.

As emphasized by Fell et al. (2008) and van Westen et al. (2005) it is necessary
to analyse different types of landslides separately due to the specific parameters
controlling their failure mechanisms. However, the number of statistical analyses
focusing specifically on instabilities in massive rock slopes is still very limited com-
pared those studying landslides in general. Hence, this thesis focuses on instabilities
in massive rock slopes only.

The studied inventories cover a volume range from few m? up to almost 2x 108 m3.
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This wide range implies that different failure mechanisms and different controlling
parameters have to be kept in mind. Therefore, a separation not only into different
types of landslides, but also into different volume groups is appropriate for statis-
tical analyses. Different magnitudes of rock slope failures have been analysed on
different, scales within this thesis. It is expectable to detect different controlling
parameters on different scale as well as for different magnitudes. However, this
theory could not be investigated systematically, since it was not possible to define
the controlling parameters for all magnitudes on all scales.

5.2 Assessment of controlling parameters and sus-
ceptibility

This thesis aimed to investigate the feasibility of statistic and probabilistic methods
for analysing the rock slope instability inventories existing in Norway with respect
to their controlling parameters and in order to assess susceptibility on different
scales. The assessment of susceptibility for rock slope instability is closely related
to the determination of their controlling parameters. Quantitative statistically-
based regional susceptibility assessment depends always on the quantification and
spatial mapping of controlling parameters. GIS-based statistical analyses allow the
spatial combination of several parameters on a regional scale. Only those studies
result in quantitative relations in between controlling parameters and registered
events in an inventory allowing to calculate quantitative susceptibility maps.

The results of this thesis confirm that the existing inventories in Norway par-
tially can be used to gain further knowledge about the controlling parameters for
rock slope failures. Quantitative statistical analyses of all rockfall events that
were registered by the Norwegian Directorate of Public Roads lead to reasonable
results in spite of strong restrictions (Paper I). However, an attempt to analyse
the controlling parameters for historical rockslides and rock avalanches with the
Weights-of-Evidence method did not result in statistically significant results. The
same problems were encountered, analysing the database of unstable rock slopes for
western Norway quantitatively. This is mainly due to a low density of larger rock
slope failures and instabilities. In addition, the development of larger rock slope
failures in complex geological and morphological settings like in western Norway
cannot be attributed to single causes, but is underlying a complex combination
of several controlling parameters, of which not all can be extrapolated to larger
regions. Equivalent to numerous studies worldwide (e.g., Agliardi et al., 2001; Her-
manns and Strecker, 1999; Jaboyedoff et al., 2009; Sartori et al., 2003; Terzaghi,
1962), a strong structural control of large rock slope instabilities and failures in
western Norway is demonstrated on a local scale (Paper II to IV, Henderson and
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Saintot, 2011; Oppikofer and Jaboyedoff, 2008; Oppikofer et al., 2011; Saintot et al.,
2011). However, owing to the complex structural geological setting, the orientation
of specific structures, like foliation or joints, cannot be modelled over larger areas
and can thus not be analysed quantitatively on a regional scale. Due to the im-
possibility of quantifying the relations in between controlling parameters and large
rock slope instabilities, quantitative susceptibility could only be assessed for rock
slope failures of small magnitudes (Paper I).

However, even if numerous studies claim to produce quantitative susceptibility
maps for rock slope failures (e.g., Paper I; Blais-Stevens et al., 2012; Frattini et al.,
2008; Marquinez et al., 2003; Marzorati et al., 2002; Shirzadi et al., 2012; Zahiri
et al., 2006), a certain degree of subjectivity remains always, when choosing the
parameters for the final susceptibility map. Spatial relations of the controlling
parameters are judged based on expert knowledge whether they are geologically
reasonable or not. In addition, detailed geological knowledge about the study area

is always required in order to be able to produce credible susceptibility maps.

Regional scale susceptibility maps (Paper I) should primarily be used as a first-
order susceptibility map in order to detect hot spot areas, where critical factor
combinations occur. Furthermore, van Westen et al. (2005) recommend to concen-
trate only on assessing susceptibility instead of hazard or risk for medium to large
investigation areas. More detailed investigations should be performed in areas that
were identified as especially critical so that more precise susceptibility maps and

additionally hazard maps can be prepared.

On a local scale, only relative susceptibilities are obtained for different com-
partments of the large rock slope instability Stampa based on geomorphological
observations and current displacement patterns (Paper III and IV). Recently, Her-
manns et al. (2012a) proposed a qualitative hazard classification for Norway to
ensure equal and comparable assignments of relative susceptibilities to all rock
slope instabilities in Norway. Hazard within this classification, corresponds to sus-
ceptibility as defined within this thesis. The proposed method results in a relative
susceptibility ranking, based on qualitative evaluation of a series of geomorpholog-
ical, engineering geological and structural criteria, as well as signs of activity. The
outcome of the classification system is a score ranging from 0 (very low susceptibil-
ity) to 12 (very high susceptibility). Uncertainties on the susceptibility score can
be evaluated using probabilities for each of the criteria (Hermanns et al., 2012a).
This classification method should be applied to the unstable rock slope Stampa in

order to obtain reproducible and less subjective relative susceptibilities.

As mentioned in the Introduction (Section 1.1) and more detailed in Section 2.4
glacial processes and deglaciation influence the stability of rock slopes and are thus
potential controlling parameters. However, this has not been investigated in detail
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within this thesis. It is demonstrated that the direct response after deglaciation
lasted only a few thousand years in western Norway (Paper V). However, it is
unclear in how far the last glaciation and following deglaciation still has an influence
on present rock slope instability. The development of most instabilities at convex
slope breaks is highlighted within this thesis (Paper II). Likewise, Holm et al.
(2004) observed a concentration of rockfall along convex slope breaks. These slope
breaks are assumed to be in most cases of glacial origin resulting from successive
glacial phases. Ambrosi and Crosta (2011) confirmed with numerical modelling
that broken slope profiles are more prone to failure than linear slope profiles. Most
of the periodically monitored rock slope instabilities in western Norway exhibit very
slow movement rates of < 4mm/year. In addition, Hermanns et al. (2012b, 2013)
present low long-term movement rates determined by cosmogenic nuclide dating of
exposed sliding surfaces of two active unstable rock slopes in Norway. Their results
indicate that the presently observable slow movement rates are most likely present
since the end of the last glaciation without any significant acceleration. They may
thus represent long-term movement rates, that are not critical for a failure in the
near future assuming aseismic conditions. Those arguments indicate the need for

more detailed studies on the glacial influence on rock slope stability in Norway.

Potential triggering factors for rock slope failures, like for example meteorolog-
ical effects or seismicity, have not been investigated within this thesis. Indeed, the
majority of investigations in Norway is assuming aseismic conditions. As described
in Chapter 3.1.3, Norway has a low to intermediate seismic intensity (Fjeldskaar
et al., 2000). Seismicity may represent a potential trigger of rock slope failures (e.g.,
Keefer, 1984; Marzorati et al., 2002) or may lead to rock mass strength reduction
as a long term predisposing factor (Jaboyedoff et al., 2003). In the study area
the seismicity on land is in general too low in order to trigger rock slope failures
(Keefer, 1984) and it should primarily be considered as a long term predisposing
factor. A clear spatial relation in between rockfalls and earthquake density could,
however, not be defined within this thesis (Paper I). Nevertheless, it cannot com-
pletely be excluded that earthquakes with larger magnitudes may occur (NORSAR
and NGI, 1998). Bhasin and Kaynia (2004) demonstrate with numerical modelling
the partly collapse of a large unstable rock slope in Mgre & Romsdal after seismic
loading with a peak ground acceleration of 1m/s? for a return period of 475 years
(NORSAR and NGI, 1998). This may point out the need for a larger awareness
with respect to seismicity as a potential trigger of rock slope failures in Norway.
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5.3 Hazard assessment

Hazard assessment of rock slope instabilities is a complex topic, and for example
van Westen et al. (2005) state that it cannot be performed over large areas at a
sufficient level of detail. In order to define the hazard that is posed to certain
regions or specific locations by rock slope instabilities, information about timing,
frequency and magnitude distribution of past events is necessary. Historical inven-
tories normally contain only a limited number of large rock slope failures, due to
the fact that they cover too short time periods to capture low frequency-high mag-
nitude events adequately. It is thus not possible to obtain significant results from
statistical analyses given a homogeneous region. Pre-historic rock slope failures
need to be included in order to assess hazard for these magnitudes quantitatively.
However, information about the timing for those is sparse.

In Norway, as in many other counties worldwide, there does not exist an inven-
tory covering larger parts of the country that does allow for quantifying hazard over
several magnitudes. The national database of rapid mass movements in Norway
is unfortunately lacking information on the magnitude of most registered historic
rockfall events. In addition, this inventory is most likely not complete and hazard
assessments will thus be inaccurate. Several prehistoric rockslide or rock avalanche
deposits have been dated either direct or indirect by dating corresponding sliding
planes in Norway (e.g., Paper III, V, Aa et al., 2007; Blikra et al., 2006; Fenton
et al., 2011; Goehring et al., 2012; Hermanns et al., 2009, 2011; Longva et al.,
2009; Oppikofer et al., 2013). However, these are mainly punctual data spread over
the entire county, making it difficult to access the hazard regionally nor locally
for specific unstable rock slopes. An exception forms the database from Longva
et al. (2009). Based on this unique complete inventory of fjord deposits in the
Storfjord region (Figure 3.4), present day annual expectable frequencies for differ-
ent volume classes are assessed based on magnitude-frequency relations (Paper V).
In addition, semi-quantitative hazard estimations for potential instabilities in the
Storfjord region are obtained (Paper V). However, this study is based on a unique
data set and equivalent datasets with the same detail are not existing in Norway.
It is thus necessary to investigate in how far the results can be transferred to other
regions in Norway and also worldwide. Regions with a similar geology, a similar
glacial history and a similar topography should show similar magnitude-frequency

relations.
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5.4 Temporal distribution of rock slope failures af-

ter deglaciation

The assessment of hazard requires information about the temporal distribution of
slope failures. A temporal analysis of historic events is difficult due to temporal
inconsistency of the national database of rapid mass movements in Norway. In
general, the number of registered events increases continuously from the first reg-
istered event in the year 900 until present. It is assumed that this increase is due
to extended recording activities because of increasing population density as well
as enhanced economic and touristic developments in the fjord regions of western
Norway, but not to a real increase of rock slope failures.

Considering longer time scales and larger magnitudes, a complete postglacial
inventory of rockslide deposits in the Storfjord region exists (Longva et al., 2009).
This allowed to define the temporal distribution of rock slope failures following the
deglaciation for the inner part of this fjord system in western Norway (Paper V).
The results are valuable for other deglaciated regions in the world, but a larger
dataset with absolute dates would be necessary in order to be able to define an
exact temporal model.

Changing frequencies over time within an inventory may represent temporal
changes of controlling parameters. Potential changes during the last century can-
not be captured with the existing inventories in Norway, due to the previously
mentioned temporal inconsistency. However, for the Storfjord region a direct re-
sponse with very high rock slope failure activity within 1000 to 2000 years after the
deglaciation, followed by a lower but constant frequency, is presented within this
thesis (Paper V). The glacier retreat is in this case representing a major change in
several controlling parameters (Section 2.4).
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Chapter 6

Conclusions

This PhD thesis presents results of the first attempts of quantitative statistical
analyses of different inventories covering rock slope instabilities in western Norway.
The main parameters controlling the development of rock slope instabilities are
defined on different scales for different magnitudes. Furthermore, it is shown that
susceptibility and hazard can be assessed with different measures, forming the basis
for further decisions regarding risk assessment and mitigation.

Until now, only a limited number of quantitative statistical susceptibility stud-
ies focus specifically on rockfall (e.g., Blais-Stevens et al., 2012; Frattini et al., 2008;
Marquinez et al., 2003; Marzorati et al., 2002; Shirzadi et al., 2012; Zahiri et al.,
2006), compared to those studying landslides in general. In addition, this thesis
analyses significantly more and other parameters in order to produce a quantita-
tive statistical rockfall susceptibility map, compared to existing studies, whereas
important standard slope-morphological parameters, like slope angle or curvature,
are excluded due to restrictions of the inventory (Paper I). This thesis shows as one
of the first studies, that a combination of statistically and physically based suscep-
tibility models makes it possible to use road inventories, with registered rockfall
impacts instead of sources, for susceptibility modelling (Paper I).

Furthermore, only few studies have analysed large rock slope instabilities spa-
tially (e.g., Agliardi et al., 2013; Crosta et al., 2013; Fischer et al., 2012; Pedrazzini,
2012). This thesis contributes to those with a description of the general spatial
distribution of rock slope instabilities in the Norwegian county Sogn & Fjordane,
western Norway (Paper II).

The integration of different data sources and results from different analysis
methods, including classic geological field investigations, analyses of high-resolution
digital elevation models and numerical modelling, allowed to evaluate possible fail-

ure mechanisms, to improve process understanding and to assess relative failure

37



Conclusions

susceptibility and hazard for one specific unstable slope (Paper III and IV).

Owing to the existence of one of the most complete rock slope instability in-
ventories worldwide, which is based on the unique combination of independently
mapped fjord deposits (Longva et al., 2009), ancient rockslide scars and poten-
tial instabilities (Oppikofer, 2009), regional hazard values are assessed for a re-
gion larger than previously reported in literature (Paper V). Furthermore, semi-
quantitative hazard values are assigned to a number of potential instabilities in the
same study area, compared to previously only site specific hazard assessments.

It is well accepted that rock slope failures decrease in number and size with the
time elapsed since deglaciation (e.g., Abele, 1974; Ballantyne, 2002a, b; Cruden
and Hu, 1993; Hermanns and Longva, 2012; McColl, 2012), but the exact temporal
pattern has only been constructed for few inventories and is still debated (Ballan-
tyne, 2002a, b; Ballantyne and Stone, 2013; Cruden and Hu, 1993). This thesis
contributes to this debate with the temporal analysis of an extensive inventory of
108 postglacial rock slope failures (Paper V). Based on the frequency and volume
distribution a model composed of a rapid response directly after deglaciation fol-
lowed by a constant frequency is used for hazard analysis. However, a steady state
decline model cannot be excluded.

More specific major findings of this thesis are summarized in the following
sections (Section 6.1 to 6.3).

6.1 Parameters controlling development of rock slope

instabilities and failures

The spatial relations between rockfalls and several geological and geographical pa-
rameters are quantified for the entire county of Sogn & Fjordane (Paper I). The
presence of bare rock as well as landslide deposits, the degree of tectonic deforma-
tion and the geological lineament density have the strongest spatial relationship to
the occurrence of rockfalls in the county of Sogn & Fjordane.

Furthermore, the spatial characteristics of rock slope instabilities in Sogn &
Fjordane are analysed (Paper II). The results reveal a preferred location within
relatively weak rock units, such as phyllites and weathered mafic gneisses, and
the development of most instabilities at convex slope breaks, which are evident as
knick-points in the slope profile.

The geological and topographic controlling parameters are investigated on a
local scale for the rock slope instability at Stampa (Paper III and IV). Kinematic
analyses, displacement measurements and numerical modelling indicate that grav-
itational slope deformation in the study area is strongly controlled by inherited

structures, like pre-existing joint sets and the metamorphic foliation of the phyl-
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lites. Large open fractures or surface depressions developed along the main joint
sets or a combination of two of them. Numerical modelling also supports a struc-
turally controlled failure, where discontinuities with a low strength dominate the

rock mass behaviour.

6.2 Susceptibility assessment for rock slope failures

Susceptibility assessments are addressed at different scales and with different mea-
sures (Paper I, IIT and IV), ranging from a quantitative susceptibility map for the
entire county of Sogn & Fjordane, to qualitative measures for susceptibility on a
site specific local scale.

A rockfall susceptibility map for the entire county of Sogn & Fjordane is
calculated based on statistical analyses of the controlling parameters (Paper I).
The model with best performance includes the controlling parameters tectono-
stratigraphic position, quaternary geology, geological lineament density, relative
relief and slope aspect. Combining the statistical susceptibility model with a phys-
ically based model, restricts the susceptibility map to areas that are steep enough
to represent a potential rockfall source.

Relative susceptibilities are assigned for single blocks of the unstable rock slope
at Stampa (Paper III and IV). Based upon geomorphological studies of prehistoric
events, structural variability and monitored displacements it is interpreted that
slope deformation and collapse of the slope in future will be similar to the past.
It is concluded that the small frontal blocks are very prone to failure, while the
free-standing blocks along the cliff with volumes > 10° m?3 are less prone to failure.
A failure of a larger volume involving several million m? is presently considered to

be of very low likelihood.

6.3 Hazard assessment for rock slope failures

Implications for the hazard that is posed by different parts of an unstable rock
slope can be assessed based on geomorphological mapping and dated pre-historic
events (Paper III). For the unstable rock slope Stampa, small collapses of blocks
< 10°m? along the frontal cliff will be more frequent, because several deposits of
this magnitude have been mapped on the slope. Medium-sized collapses of free-
standing blocks along the cliff with volumes > 10°m?, cannot be ruled out. At
least two such events have occurred since the end of the last glaciation. Large
rockslide deposits on the fjord bottom, which date back to the end of the last
glaciation (Blikra et al., 2006), indicate that a collapse involving several million

m? is of very low likelihood and most likely linked to major climatic changes like
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glacial-interglacial cycles.

The detailed inventory of rockslide deposits in the inner parts of Storfjord, Mgre
& Romsdal (Longva et al., 2009), which includes relative ages, allowed a more
detailed hazard analysis of rock slope failures in this region (Paper V). Present day
annual expectable frequencies for certain volume classes have been assessed for the
Storfjord region based on magnitude-frequency analyses. For example, the annual
frequency for rock slope failures of V' > 1 x 105m3 in the entire Storfjord region
is approximately 1/1,200. Semi quantitative hazard estimations for each potential
instability have been obtained based on a qualitative susceptibility assessment of
each instability. The annual failure probabilities for the individual instabilities are
very low and vary from 1/10,000 to 1/48,000
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Chapter 7

Recommendations for future

work

This thesis is a first approach to quantitatively analyse the controlling parame-
ters of rock slope failures and instabilities in Norway. In addition, possibilities for
susceptibility and hazard assessments were investigated. The results are promis-
ing, but it is evident that some results require more testing and could be further
improved.

The controlling parameters for rockfalls and the rockfall susceptibility have
been analysed for the county Sogn & Fjordane only (Paper I). However, it would
be interesting to extend the investigations to other regions in Norway, in order to
study potential regional variations within the controlling parameters. Furthermore,
the produced susceptibility map is limited to the source areas. It would be beneficial
to also transfer the different likelihoods of the source zones to the propagation zones
of the existing physical rockfall susceptibility map (Derron, 2010).

For analysing larger rock slope failures and instabilities it would probably be
beneficial to test other statistical methods than Weights-of-Evidence in order to be
able to obtain statistically significant results. Especially the important structural
control of large instabilities in Norway has potential for more quantitative analyses
(Paper III and IV). It should be tested to model the orientation of structures over
a limited region, in order to analyse the spatial dependencies in between structures
and rock slope instabilities or failures. An optimal study area for testing this,
would be the Storfjord region as there exist large amounts of structural data.

So far, rock slope instabilities have been studied systematically in only three
counties of Norway, which are Mgre & Romsdal, Sogn & Fjordane and Troms.
Knowledge about their spatial controlling parameters in those counties should be

systematised and quantified in order to be applied to counties that have not yet
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been studied systematically and to detect potential rock slope failures in those
more efficiently. In order to define the spatial controlling parameters of rock slope
instabilities, more parameters have to be involved than it has been done in Paper
II, including both, parameters that favour failure on certain locations as well as
parameters that are due to the development of an instability, like for example
typical morphologies.

In this thesis, the controlling parameters have just been analysed spatially, but
the underlying physical reasons have not been studied in detail. However, several
results encourage for further investigations, as for example the preferred devel-
opment of rock slope instabilities along knick-points of the slope profiles (Paper
II).

In order to assess the hazard that is posed by large rock slope instabilities
for larger regions than it has been done in Paper V, a systematic mapping of
pre-historic rock slope failures would be necessary, preferably including absolute
or relative information about the timing. Regarding the hazard due to rockfall,
combined spatial and temporal analysis of rockfalls in the national database should
be conducted.

As already mentioned in the introduction (Section 1.1) and more detailed in
Section 2.4 glacial processes and deglaciation influence the stability of rock slopes.
The alpine topography of western Norway is especially prone to rock slope failures
after deglaciation (Section 3.1.2). This thesis analysed the temporal distribution
of rock slope failures after deglaciation, but did not investigate in more detail the
glacial processes that may have lead to destabilization. Therefore, more research

on the glacial influence for rock slope stability in western Norway is necessary.
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Abstract. Quantitative spatial analyses and statistical sus-
ceptibility assessments based on road inventories are often
complicated due to the registration of impacts instead of
source areas. A rockfall inventory from the Norwegian Di-
rectorate of Public Roads is analysed spatially in order to in-
vestigate potential controlling parameters in the Norwegian
county Sogn & Fjordane. Quantitative spatial relationships
are then used to model rockfall susceptibility with the help
of the Weights-of-Evidence method. The controlling param-
eters tectono-stratigraphic position, quaternary geology, geo-
logical lineament density, relative relief and slope aspect re-
sulted in the best performing model and thus yielded the ba-
sis for the statistical susceptibility map for the entire county
of Sogn & Fjordane. Due to registered impacts instead of
sources, the important parameter slope angle could not be
included in the statistical models. Combining the statistical
susceptibility model with a physically based model, restricts
the susceptibility map to areas that are steep enough to rep-
resent a potential rockfall source. This combination makes it
possible to use road inventories, with registered impacts in-
stead of sources, for susceptibility modelling.

1 Introduction

Landslide inventories compiled by road authorities contain
often the most comprehensive records, but are in many cases
limited to registered impacts on the roads, lacking informa-
tion about the source areas. This complicates quantitative
spatial analyses of these inventories with respect to their con-
trolling parameters depending on the resolution of the lat-
ter. Especially parameters originating from a digital elevation
model (DEM), like slope angle, curvature, roughness or ele-

vation itself, often have a resolution that is smaller than the
distance between source and deposition area of landslides.
Analysing the slope angle distribution for registered events
of a road inventory, will in many cases yield too low slope
angles. However, many studies indicate that a steep slope
is the principal pre-disposing factor for landslide processes
especially rock slope failures (e.g., Aleotti and Chowdhury,
1999; Blais-Stevens et al., 2012; Erener and Diizgiin, 2010;
Kayastha et al., 2012b; Marzorati et al., 2002; Neuhduser
et al., 2012; Shirzadi et al., 2012). Quantitative spatial anal-
yses result thus often in a susceptibility map reproducing a
slope-angle map. On the other hand, a steep slope angle is a
physical requirement for the presence of rock slope failures
and using physically based approaches to define a relation
between slope angle and the occurrence of landslides is thus
much more appropriate. Hence, we propose an approach us-
ing a physical model to determine possible rockfall source
areas and to update these source zones with relative suscepti-
bilities obtained from a statistical model. This integration of
statistically and physically based rockfall susceptibility mod-
els makes it possible to use road inventories with registered
data points at deposits for the calculation of susceptibility
maps.

The data basis of this study forms a rockfall inventory from
the Norwegian Directorate of Public Roads. Rockfalls are a
frequent hazard in Norway, especially within the Alpine to-
pography of the coastal fjord areas. Steep slopes in combi-
nation with unfavourable climatic conditions, like heavy sea-
sonal precipitation, intense snowmelt in spring and long frost
periods, increase the vulnerability for rock slope failures in
these regions (Blikra et al., 2006; Saintot et al., 2011). How-
ever, these might not be the single parameters controlling
the spatial distribution of rockfalls. Jaboyedoff et al. (2005)
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give an overview on factors influencing rock slope instability,
grouped into external and internal parameters. Various stud-
ies investigate rockfall locations with respect to their con-
trolling parameters statistically (e.g., Duarte and Marquinez,
2002; Ruff and Czurda, 2008; Tanarro and Muiioz, 2012),
or try to predict rockfall source areas by the means of dif-
ferent statistical or probabilistic modelling techniques on a
regional scale, resulting in susceptibility maps (e.g., Blais-
Stevens et al., 2012; Frattini et al., 2008; Marquinez et al.,
2003; Marzorati et al., 2002; Shirzadi et al., 2012; Zahiri
et al., 2006). However, the number of quantitative statisti-
cal susceptibility studies focusing specifically on rockfall is
still very limited in comparison to those studying other land-
slide types or landslides in general, which has become very
popular using GIS. Also Fell et al. (2008) and van Westen
et al. (2005) emphasize that it is necessary to study the sus-
ceptibility of different types of landslides separately due to
the specific parameters controlling their failure mechanism.

Up to now studies of unstable rock slopes in Norway are
mainly directed towards site-specific research of large insta-
bilities (e.g., Bohme et al., 2011; Braathen et al., 2004), but
not towards quantitative regional scale investigations. Only
few studies discuss some more regional aspects of unstable
rock slopes. For example, Blikra et al. (2006) describe a clus-
tering of rockslides in specific zones of Norway, but do not
include the underlying reasons in this spatial approach. Sain-
tot et al. (2011) and Henderson and Saintot (2011) describe
a link between rock slope instabilities in western Norway
and ductile and brittle structures, but these studies are not
based on quantitative analyses. Bjerrum and Jgrstad (1968)
and Sandersen et al. (1996) highlight a meteorological influ-
ence on rockfalls by applying simple binary statistics of his-
torical events. In contrast, Dunlop (2010) investigated the re-
lation between rock slope failures and meteorological condi-
tions as well as topography and geology quantitatively apply-
ing Weights-of-Evidence based susceptibility mapping for
a region in southwestern Norway (Hordaland and Sogn &
Fjordane Counties). Furthermore, Erener and Diizgiin (2010)
present a statistically based susceptibility map of landslides
for western Norway (Mgre & Romsdal County) applying dif-
ferent regression methods. However, their focus is strongly
on the mathematical methodology, and not on the input data
and geological model. In addition, a lack of detailed knowl-
edge about the local geological conditions as well as the used
inventory is obvious.

The primary objective of this study is to determine the
controlling parameters involved in the development of rock-
falls in western Norway with the help of a quantitative spa-
tial analysis. Furthermore, the possibility to use a road inven-
tory with clear limitations for quantitative spatial analyses is
investigated. Therefore the Weights-of-Evidence method is
here first used as an explanatory tool, helping to quantify the
relation between rockfalls and certain controlling parameters
and second to produce a statistically based rockfall suscepti-
bility map. The results provide a better understanding of the

spatial distribution of rockfalls in western Norway and the
underlying reasons for their development. At last, the statis-
tical susceptibility map is intersected with physically deter-
mined potential rockfall source zones (Derron, 2010) in order
to obtain the final rockfall susceptibility map.

2 Study area

The study area comprises the entire county of Sogn & Fjor-
dane, covering 18,607km? of land area (Figure 1). Histor-
ical data and geological studies show a high concentration
of post-glacial gravitational slope failures as well as current
rock slope instabilities in the Norwegian county Sogn & Fjor-
dane, situated in western Norway (Blikra et al., 2006; Bohme
et al., 2011; Saintot et al., 2011). This lead to several studies
focusing on current rock slope instabilities in this county and
geological knowledge about rock slope instabilities in these
regions was largely extended (Bohme et al., 2011; Hermanns
et al., 2011; Saintot et al., 2011).

The restriction to a county instead of using natural borders,
the latter probably being more appropriate for modelling a
natural process, was chosen due to the division of the Nor-
wegian Directorate of Public Roads on a county base. In or-
der to obtain the best possible homogeneity in the data, it is
reasonable to use the limits of a county as the limits of the
study area. Nevertheless, it is impossible to reach perfect ho-
mogeneity because of the subjective registration of rockfall
events by different individuals.

3 Susceptibility assessment

Assuming that future landslides of any type will occur un-
der similar geological and geometrical circumstances as past
landslides of the same type have occurred, it is possible to
study a landslide inventory in combination with several in-
fluencing factors and to analyse their spatial relation in order
to prepare susceptibility maps (Guzzetti et al., 1999). Various
GIS-based statistical analysis methods as well as quantitative
prediction models for landslide susceptibility or hazard have
been proposed and applied in the literature. Introductions and
overviews of quantitative statistical methods for landslide
susceptibility or hazard assessment can be found in Bren-
ning (2005), Chung and Fabbri (2003), Guzzetti et al. (1999),
Guzzetti (2005), Hervds and Bobrowsky (2009), Soeters and
van Westen (1996) and van Westen (2000). New methods or
modifications of existing ones are consistently developed or
applied (e.g., Erener and Diizgiin, 2010; Hasekiogullar1 and
Ercanoglu, 2012; Kayastha et al., 2012a; Sezer et al., 2011).
However, there is the tendency to more and more compli-
cated mathematical models, that are certainly powerful, but
their physical significance is difficult to understand and those
models tend to be black boxes for the standard user which
makes it difficult to control the model (Leroi, 1996). With
respect to quantitative statistical rockfall susceptibility pre-
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Fig. 1. Overview of the study area, Sogn & Fjordane County, displaying the rockfall density within a road buffer of 1km. This road buffer
forms the limit of the training area used for statistical analyses. The inset shows the location of the study area within Norway.

diction, namely discriminant analysis (Frattini et al., 2008),
logistic regression (Marquinez et al., 2003; Marzorati et al.,
2002; Shirzadi et al., 2012), Weights-of-Evidence (Zahiri
et al., 2006) and fuzzi logic (Blais-Stevens et al., 2012) have
been applied. In this study the Weights-of-Evidence method
is used to quantify the spatial relation between rockfalls and
their controlling parameters in order to finally compute a sus-
ceptibility map for rockfalls in the county Sogn & Fjordane.
Our focus is hereby not on the mathematical methodology
and explains thus the usage of a mathematical relatively sim-
ple model.

3.1 Weights-of-Evidence method

The Weights-of-Evidence method was first applied to spa-
tial geoscientific questions by Bonham-Carter et al. (1989).
They combined spatial evidences for mineral deposits and
produced predictive mineral potential maps. The Weights-of-
Evidence method is a probabilistic method that uses known
occurrences of a feature, termed as inventory within this
study, to quantify spatial associations between these features
and the controlling parameters that cause the features to oc-
cur (Bonham-Carter et al., 1989). Originally, the Weights-of-
Evidence method was developed as a binary approach, but in
this study the extended Weights-of-Evidence method as in-
troduced by Porwal et al. (2001) using multi-class controlling
parameters was applied. The primary aim of the Weights-of-

Evidence method is to weight and finally combine several
controlling parameters, in order to get a prediction for the
occurrence of a considered feature. However, in this study
it is primarily used as an explanatory tool in order to inves-
tigate the spatial relations between rockfalls and their con-
trolling parameters. The Weights-of-Evidence method has
been widely applied for landslide studies (e.g., Armas, 2012;
Kayastha et al., 2012b; Lee et al., 2002; Neuhéuser et al.,
2012; van Westen et al., 2003), but only limited for rockfalls
explicitly (Zahiri et al., 2006).

Agterberg et al. (1990), Bonham-Carter et al. (1989) and
Bonham-Carter (1994) give comprehensive descriptions of
the mathematical formulation of the Weights-of-Evidence
method. This method is well-known, and therefore only a ba-
sic introduction is given here.

In general, the Weights-of-Evidence method uses the the-
ory of conditional probability, namely the rule of Bayes. It is
based on the fact that the probability of an event, in this case
a rockfall, will depend upon several circumstances. Weights
are calculated for each controlling parameter class in order to
quantify their strength of spatial influence on rockfall suscep-
tibility, considering both the absence and presence of each
controlling parameter class. Assuming that all rockfalls are
known, probabilities can be estimated as simple volume pro-
portions. The working formulas for calculating the weights
are consequently the following:
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where N{RN X} denotes the number of cells containing
a rockfall event R and belonging to parameter class X;. R
and X; indicate the absence of a rockfall or parameter class,
respectively.

The calculated weights W1/~ provide a measure of spa-
tial association between the inventory and each controlling
parameter class. A positive W predicts that there are more
rockfalls on that controlling parameter class than would oc-
cur pure randomly; conversely a negative W predicts that
fewer rockfalls occur than expected. The absolute value of
the weights expresses how strong the spatial association
between inventory and controlling parameter class is. The
larger the absolute value, the stronger is the spatial associ-
ation. A value of zero, or very close to zero, predicts that the
rockfalls are distributed randomly with respect to that con-
trolling parameter class.

In addition, the studentised contrast stud(C') serves as a
measure about the statistical significance of the spatial asso-
ciation between the inventory and each controlling parame-
ter:

C

stud(C) = >0

3

where the contrast C = W+ —W = and ¢(C) is an approx-
imation of the standard deviation of C, (see Agterberg et al.,
1990 and Bonham-Carter et al., 1989 for its estimation). It
is recommended that the modulus of the studentised contrast
stud(C') should be larger than 2 for a significant spatial as-
sociation (Bonham-Carter, 1994). Weights and studentised
contrasts are calculated for each controlling parameter class
based on the Weights-of-Evidence method with the help of
the Esri ArcGIS toolbox "Spatial Data Modeller" (Sawatzky
et al., 2009) and used to quantify the spatial relationship. The
controlling parameters that have a significant spatial relation
to the occurrence of rockfalls are selected and reclassified ac-
cording to the analysis results in order to produce a suscepti-
bility map. This reduction of classes is necessary in order to
increase the statistical robustness of the weights (Bonham-
Carter, 1994). The different controlling parameters can fi-
nally be combined based on the calculated weights assum-
ing conditional independence in between the parameters by
updating the prior logit logit{ R} to the posterior logit:

logit{ R/X1 N X2 ... X, } = logit{ Ry + > X/~ (4

Jj=1

for j =1 to n, where n is the total number of consid-
ered controlling parameters. "Logit" is defined as the natural
logarithm of the ratio of the probability with that an event
will occur to the probability that it will not occur. The pos-
terior probability P{R/X; N X3 N...X,} or susceptibility
can finally be obtained by back-transformation of the poste-
rior logits into real probability values:

elogit{R/XlﬂXgm.,Xn}

PAR/XiNXo M. X} = 1 + elogit{R/X1NX>N... X } ®)

3.2 Validation of susceptibility maps and test of condi-
tional independence

Success rate and prediction rate curves were used to evalu-
ate the predictive power of the susceptibility map based on
the time partition method as proposed by Chung and Fab-
bri (2003). In addition, the comparison of success rate curves
from different susceptibility maps, based on different param-
eter combinations, has been used in order to select the best
performing model. Success rate curves display how many of
the analysed rockfalls are successfully detected by the sus-
ceptibility map. The steeper the curve, the better is the model
efficiency.

The overall conditional independence was tested by com-
paring the number of observed rockfalls N{R} to the num-
ber of predicted rockfalls N{R,}. Given conditional inde-
pendence, the number of both should be equal. Bonham-
Carter (1994) suggests that the ratio N{R}/N{R,} should be
> (.85.

3.3 Combined statistical-physical susceptibility map

A rockfall susceptibility map has been previously produced
for entire Norway separating between potential source areas
and propagation zones (Derron, 2010). This map is based on
a slope analysis method as proposed by Loye et al. (2009),
resulting in slope angle thresholds which are potentially un-
stable and could lead to rockfall. These thresholds depend on
the slope angle, DEM cell size, type of bedrock and outcrop-
ping conditions. The main limitation of this rockfall suscep-
tibility map is the limited resolution of the used DEM with
a 25m cell size. Small-sized rock cliffs can thus be missed
during the detection of source cells. Furthermore, these maps
are just displaying potential source areas without any associ-
ated probability of rockfall release. The obtained probabilis-
tic susceptibility map was thus used to update the rockfall
source areas with a relative probability. At the same time, the
probabilistic susceptibility map is with this step restricted to
the potential source areas and includes thereafter only areas
that are actually steep enough to cause rockfalls.
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4 Inventory

The national database of rapid mass movements in Nor-
way is the result of joining four independent databases into
one within the GeoExtreme project (Jaedicke et al., 2008,
2009). This database differentiates between five landslide
types, namely rockslides, debris slides, snow avalanches,
sub-aqueous slides and icefalls. The majority of registered
landslides are from the Norwegian Directorate of Public
Roads including all types of events that affected a road.
For this study only events registered from the Norwegian
Directorate of Public Roads within the category "ROCK-
SLIDE" and with a "RELEASE AREA" equal to "OPEN
SLOPE" or "UNKNOWN" were extracted. Events in the
category "ROCKSLIDE" represent almost exclusively rock-
falls. In addition, points that are located within tunnels have
been eliminated. This results in an inventory containing 3259
rockfall events spanning a time period from 1973 until 2012
for the county of Sogn & Fjordane. This dataset was divided
into two subsets for validating the susceptibility map. The
breakpoint was set to the end of the year 2002, because there
was a reorganisation of the Norwegian Directorate of Pub-
lic Roads incorporating changes in the division and potential
changes in registration routines starting from 2003. Events
older than this date were used as training data and events that
occurred after the breakpoint are used as validation data.

There are several limitations applying for this database.
It is a matter of course that all registered events are limited
to public roads, but there is also no uniform registration of
events along the public roads. The quality and completeness
of data is strongly influenced by the internal division into
road districts and personal abilities of the local observers.
There exist no mandatory guidelines for the registration of
events and whether an event will be registered or not depends
basically on individuals. This results in a partially incomplete
and biased database, both with respect to the area covered
and to the time period investigated. In addition, registered
locations are points where the rockfalls hit the road, but there
exist no spatial information about the source area. In some
cases, the registered points may even only be midpoints of a
certain road section. However, it was not possible to obtain
more detailed information about this conflict.

This study investigates rockfalls only spatially and tem-
poral inconsistencies are thus not important. However, the
severe spatial restrictions have been dealt with the following
approaches. The first limitation, that the registrations are lim-
ited to public roads, has been solved by restricting the study
area for the spatial analysis to a 1-km buffer around the road
network, called training area in the following. The analysis
results have then been used to predict rockfall susceptibility
of the entire study area covering the complete county, as-
suming that the smaller training area is representative for the
variability of the entire study area (Aleotti and Chowdhury,
1999; Dunlop, 2010; van Westen, 2000). The training area is
covering 4,290km?, corresponding to 3058 road km and the

Table 1. Statistics about the rockfall events along the roads and
within the training area.

per km? of the

Number of rockfall events  per road km .
training area
Minimum 0 0
Maximum 166 201
Average 1.05 0.54
Standard deviation 5.02 3.43

study area covers 18,607km?. On average there is 1 rockfall
event per road km and 0.5 events per km? of the training area
(Table 1).

The second limitation, the registered impacts on the road
instead of the source areas will not have an effect for most
geological information, since their resolution is lower than
the distance between source and impact of a rockfall. For ex-
ample the used geological maps have a scale of 1 : 250,000.
This would mean that 1mm on the map is equivalent to
250m in the field. Dunlop (2010) defined the source areas
of 98 rockslides recorded in the same database in a test area
in Sogn & Fjordane. His results demonstrate that the average
distance between source zone and impact on the road is 77 m,
which is less than the resolution of most data used. However,
major problems are expected analysing the DEM with a 25 m
resolution and corresponding derivatives of it in the statisti-
cal analysis.

5 Parameters

A large set of potential controlling parameters has been spa-
tially analysed with the help of the Weights-of-Evidence
method. However, only the parameters that have most influ-
ence have been used for mapping the final susceptibility.

5.1 Bedrock geology

The bedrock of western Norway consists mainly of Lower
Palaeozoic and Precambrian metamorphic rocks. The rocks
of the study area have undergone intense reworking by a gen-
eral NW-SE oriented crustal shortening during the Caledo-
nian Orogeny, resulting in a thrust sheet transport towards
SE onto the Precambrian basement (Roberts and Gee, 1985).
The geological setting can be divided into three units, the
Precambrian basement, the Caledonian nappes and Devonian
sedimentary basins including a wide range of lithologies.
The basis for the geological parameters formed the
1:250,000 bedrock map of the Geological Survey of Nor-
way (NGU Berggrunnskart). The original vector map was
converted to a raster with 25 m cell size. Three different re-
classifications were completed based on (1) the rock type,
(2) the tectono-stratigraphic position and (3) the metamor-
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phic grade. The first reclassification is based on the relative
competence of each rock type in the study area based on ex-
perience from fieldwork and is resulting in seven classes:

(1) Granular sedimentary rocks, plutonic rocks, felsic fo-
liated rocks, mafic and ultramafic rocks, metamorphic rocks
with low mechanical strength (like amphibolites, schists and
micaschists), quartzite and marble (Figure 2a)

The second reclassification is founded on the fact that tec-
tonic deformation, thus the tectonic weakening is higher in
the nappes than in the basement. This classification is not
completely definite, since there exist different opinions about
the affiliation of rock units to the different positions (Kildal,
1970; Ragnhildstveit and Helliksen, 1997; Sigmond, 1999;
Solli and Nordgulen, 2008; Tveten et al., 1998). Therefore,
different classifications have been analysed here and finally
the classification displaying highest significance and largest
weights has been used. The following tectono-stratigraphic
positions are represented in the study area:

(2) Autochthon, lower allochthon, middle allochthon, up-
per allochthon, uppermost allochthon and Devonian sedi-
ments (Figure 2b)

The third reclassification with respect to the metamorphic
grade is based on the geological map of the Fennoscandian
Shield at a scale of 1 : 2 million (Koistinen et al., 2001), re-
sulting in four classes:

(3) No, low, medium and high metamorphic grade (Figure
2¢)

5.2 Quaternary geology

In this study, the spatial relation in between the occurrence of
rockfalls and landslide deposits as well as bare rock outcrops
have been analysed (Figure 2d). These features were ex-
tracted from the quaternary map of the Geological Survey of
Norway (NGU Lgsmassekart), which is a mosaic of various
scales, but mainly on a scale of 1:250,000 and 1 : 50,000
for the study area. The original vector map was used as a
raster with 25m cell size.

5.3 Tectonic structures

A significant amount of tectonic events affected the bedrock
of western Norway, including the ductile Caledonian
Orogeny, the semi-ductile post-orogenic collapse and also
brittle tectonics, like the Permo-Triassic and Jurassic rifting
phases; all together resulting in a high density of brittle, duc-
tile and semi-ductile structures.

Two different sources of lineament maps have been avail-
able for this study:

— Geological lineaments from the bedrock map, mainly
including thrusts and major faults at a scale of
1:250,000 (Figure 2e and f; NGU Berggrunnskart).

— Geomorphological lineaments from Gabrielsen et al.
(2002) based on satellite image (Landsat 7) interpreta-
tion at a scale of 1: 750,000 (Figure 2g and h).

All lineament maps were used in form of a density grid as
well as a distance-to-closest-lineament grid, both with 25m
cell size.

5.4 Neotectonics
5.4.1 Present day uplift

Different geodetic data exhibit a high-rated present-day up-
lift in western Norway (Fjeldskaar et al., 2000; Kierulf et al.,
2013; Olesen et al., 2000; Vestgl, 2006). Whereas the general
trend of uplift is assumed to be a result of glacial isostasy,
there exists a debate about the contribution of potential neo-
tectonic processes (Bungum et al., 2010; Fjeldskaar et al.,
2000; Olesen et al., 2000). Uplift and uplift gradient maps
from Kierulf et al. (2013) have been used for statistical anal-
ysis (Figure 2i and k).

5.4.2 Seismicity

Norway has a low to intermediate seismic intensity (Fjeld-
skaar et al., 2000). A concentration of earthquake activity is
found west of mid-Norway, reflecting a rifted passive con-
tinental margin (Bungum et al., 2000). The used earthquake
catalogue, produced by NORSAR (Norwegian Seismic Ar-
ray), is covering the time span from 1750 until 2007 (Dehls
et al., 2000; Olesen et al., 2000). It contains 566 registered
events with a magnitude Mg > 2 for western Norway and
adjacent areas, whereof 6 events have a magnitude Mg > 5.
In order to investigate the potential relation between earth-
quakes and rockfalls, earthquake density maps were calcu-
lated applying a search radius of 50km and weighting each
event with respect to its energy. Seismic energies E have
been derived from magnitudes Mg based on the equation
proposed by Gutenberg and Richter (2010):

logE =1.5Mg+11.8 (6)

The earthquake density raster is mainly influenced by the
earthquakes with Mg > 4 (Figure 21).

5.5 Topography and derived parameters

The topography of western Norway is strongly influenced
by the quaternary glaciations. Coastal islands, long U-shaped
valleys and many deep fjords with steep slopes are dominat-
ing landforms. This steep terrain in combination with heavily
fractured exposed bedrock indicates that this area is suscep-
tible to rockfall.

A digital elevation model with a cell size of 25m forms
the basis for different topographic parameters like slope an-
gle, slope aspect, planar and profile curvature, roughness
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and relative relief (e.g. Figure 2m and n). Slope angle,
slope aspect and curvature are calculated with standard Esri
ArcGIS procedures by fitting a plane to the elevation values
of a 3x3 cell neighbourhood around the corresponding cell
(Horn’s method). The slope angle for this plane is calculated
with the average maximum technique and the aspect is the
direction the plane faces (Burrough and McDonnell, 1998).
The curvature is the second derivative of the fitted plane. Lo-
cal roughness has been assessed with the local standard de-
viation of the elevation values within a 9x9 moving window.
The relative relief has been calculated by determining the dif-
ference between minimum and maximum elevation within a
moving circular window of 5km radius.

5.6 Climate

The climate of western Norway displays large variations in
between the coastal areas and the areas with high relief fur-
ther inland. The coastal area of the study area includes the
areas with the largest normal annual precipitation (3770 mm)
as well as the highest normal annual temperatures (7.47°C)
of entire Norway. By contrast, the mountain areas, exhibit
large areas with annual temperatures of —4°C or less repre-
senting the lowest annual temperatures. The precipitation is
essentially influenced by the large weather systems mainly
coming from west, resulting in a zone of maximum precipi-
tation along the coast and the mountain front.

Climatic normals of annual mean temperature and annual
total precipitation for the period 1961-1990 were obtained
from the Norwegian Meteorological Institute (Figure 20 and
p; Tveito et al., 2000).

6 Results of the spatial analysis

Ordered continuous parameters where classified in 40 equal
classes for the spatial analysis. Weights (W and W ~) and
studentised contrasts stud(C) were calculated for all con-
trolling parameters class-wise and for some parameters addi-
tionally cumulatively from lowest to highest class (ascend-
ing) and highest to lowest class (descending) (Figure 3).
These cumulative calculations allow defining a value where
the parameters have no influence on rockfall anymore. The
cumulative ascending weight calculation has been used for
controlling parameters where low threshold values are ex-
pected to have a spatial influence on rockfalls, like the dis-
tance to lineaments. Cumulative descending weight calcu-
lation has been used for controlling parameters where high
threshold values are expected, like seismicity, uplift, linea-
ment density and precipitation. All spatial analyses were
done within the training area, thus within a road buffer of
1km.

6.1 Bedrock geology

Analyses results of the bedrock geology indicate that only
felsic foliated rocks have an increased susceptibility for rock-
falls, whereas sedimentary rocks, metamorphic rocks with
low mechanical strength, plutonic rocks and quartzite are sig-
nificantly decreasing the susceptibility for rockfall (Table 2).
However, the positive relations have only low weights in con-
trast to the negative relations, where a W+ of —1.19 for sedi-
mentary rocks is displaying one of the largest absolute values
of the calculated weights for all parameters. Mafic and ultra-
mafic rocks as well as marble have no significant relation
to the occurrence of rockfalls. This is in contrast to Saintot
et al. (2011), who claimed that metamorphic rocks with low
mechanical strength as well as mafic and ultramafic rocks are
particularly prone to rock slope failures. They observed that
mafic and ultramafic rocks in western Norway are strongly
weathered and highly fractured, yielding to larger numbers
of rock slope instabilities. The positive relation of rockfalls
to felsic foliated rocks may instead highlight that the struc-
tural control is larger than any lithological control on the de-
velopment of rockfalls.

The analysis results of the tectono-stratigraphic positions
indicate that only the middle allochthon has a significant pos-
itive relation with the occurrence of rockfalls (Table 2). The
other units have all significant negative relations to the occur-
rence of rockfalls, except the uppermost allochthon. These
results do not confirm the original assumption that the tec-
tonic weakening, which is higher in the nappes than in the
basement, may be a cause for higher rockfall activity.

Analysing the influence of the metamorphic grade on the
occurrence of rockfalls yields a small positive relation to a
high metamorphic grade and a negative relation to no, low
and medium metamorphic grade (Table 2).

6.2 Quaternary geology

The spatial analysis of landslide deposits and bare rock out-
crops with respect to the occurrence of rockfalls, exhibits
a strong positive correlation of landslide deposits to rock-
falls and a medium positive correlation of bare rock outcrops
to rockfalls (Table 2). These results highlight the strong in-
fluence of the registered impacts on the road instead of the
source areas. For registered source areas a larger positive cor-
relation to bare rock than landslide deposits would be ex-
pected. However, present landslide deposits may highlight
active rock cliffs and are thus yielding valuable information
in order to define rockfall susceptibility.

6.3 Tectonic structures

Geologic lineament density indicates a positive spatial rela-
tion to the occurrence of rockfalls for high densities and a
negative relation for low densities (Figure 3a). In addition,
the analysis exhibits less rockfalls in the vicinity of tectonic



M. Bohme et al.: Quantitative spatial analysis of rockfalls from road inventories

H -_— W u - {15
5 w- 20 3 W-
15 10
4 2
10 -
g ]
2 = 1 5
g2 5 2 A
£ o[ Ao S S s b = Z h 1 2
] 2 g AT T O 2
2 L m ) % 2 [ l” I )| g
2 < 1 5 3
105 L 1L @
a4 2|
15 10
6 -20 -3
15
25
0.9 08 0.7 0.6 0.5 04 03 0.2 0.1 25 3 4
Lineament density [km/km?] Uplift [
-_—W 3 —_— Wt
10
15 2 15
1 . 0
I > 2 1 g
05 g s £
= [ I o £
£ g £ II S
g || TR N A 2] B
g (T ) 1001 TALS L8 P 3
2 1 g g I £
05 I 3 { W\y s 5
I s 2 1 B[] 2
T V -10
2 -1
15 10 °
5 20
B -3
05 1 1. 2 500 1000 1500 2000
Uplift gradient [') <10 Relative relief [m]
= = iLF =
! W-_Hio W- {30
\ 15
20
1
05 5
g 0 g
o " £ _os £
£ 8 £ 8
W L — L R - Ly,
g T W - oz i
r /- I é -05 103
05 5 @ a
I i I Ry LI N 2
B 10 -15 0
-2

50 100 150 200

Slope aspect [/

250 300 350

1000 1500 2000 2500 3000

Normal annual total precipitation [mm}

3500

Fig. 3. Examples for results of the spatial analysis with the Weights-of-Evidence method. All continuous parameters have been reclassified
into 40 classes each. Weights (W™ and W ™) and studentised contrast stud(C') have been calculated for each class seperately (b-f) or with
cumulative descending (a) or ascending classes in order to obtain the spatial relation of each class to the occurrence of rockfalls. Horizontal
pink lines mark |stud(C)| = 2, thus all studentised contrast values above or below have a significant spatial relation. The final classifications
are indicated by blue brackets. a) Geological lineament density (cumulative descending classes). Local maxima of stud(C) are used as
breakpoints for the final reclassification. All classes right of the maximal stud(C') have a negative association to the occurrence of rockfalls,
resulting in decreasing W™ and stud(C). b) Uplift. No clear peaks, but in general a positive relation for medium to high uplift. c) Uplift
gradient. One distinct positive peak at low uplift gradient is displayed. d) Relative relief. Weights exhibit two major positive peaks. e) Slope
aspect. A clear positive relation for slopes facing SW-NW can be observed. f) Normal annual total precipitation. One major positive peak for

low precipitation values can be observed.

lineaments. Rockfalls occur preferentially within a distance
of 1400 to 3800m from a geological lineament. However, it
is questionable if the lineaments can theoretically still have
an influence on rock slope stability at those large distances.
Theoretically an increasing lineament density or a closer dis-
tance to lineaments are assumed to cause a higher amount of
fractures and subsequent an increased weathering, both re-
ducing the rock strength (Ambrosi and Crosta, 2006; Brideau
et al., 2005). The geomorphic lineament map displays no

clear relation in between lineament density nor distance to
lineaments and the occurrence of rockfalls.

6.4 Neotectonics
6.4.1 Present day uplift

The analyses of the uplift grid indicates a positive spatial re-
lation to the occurrence of rockfalls for medium to high up-
lift values, but negative relations for low and very high up-
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Table 2. Overview of classified controlling parameters used to calculate the susceptibility maps and their spatial association with the occur-
rence of rockfalls. In italics: parameter classes that are statistically not significant. In bold: controlling parameters that are included in the
best performing susceptibility model.

. - o Area  Number of + + _ _
Parameter Parameter class (km?]  rockfalls oc(W™) W o(W™) C o(C)  stud(C)
Granular sedimentary rocks 257 50 -1.36 0.14 0.05 0.02 -1.41  0.14 -9.89
Metamorphic rocks with g 53 025 004 006 002 031 005 661
low mechanical strength
Rock type Felsic foliated rocks 2296 2179 0.22 0.02 -0.34 0.03 0.56  0.04 15.08
Plutonic rocks 657 426 -0.16 0.05 0.03 0.02 -0.18  0.05 -3.56
Mafic and ultramafic rocks 8 7 0.10 0.38 0.00 0.02 0.10  0.38 0.26
Marble 1 0 0.00 0.00 0.00 0.00 0.00  0.00 0.00
Quartzite 165 64 -0.67 0.13 0.02 0.02 -0.69  0.13 -5.49
Lower allochton 1463 704 -0.46 0.04 0.17 0.02 -0.63  0.04 -14.81
Tectono Middle allochton 1028 1450 0.62 0.03 -0.31 0.02 0.93 0.04 26.50
stratieraphic Upper allochton 155 87 -0.30 0.11 0.01 0.02 -0.31  0.11 -2.85
ositiin P Uppermost allochton 15 8 -0.36 0.35 0.00 0.02 -0.36 0.35 -1.01
P Devonian sediments 254 46 -1.43 0.15 0.05 0.02 -1.48  0.15 -9.97
Autochthon 1376 964 -0.08 0.03 0.04 0.02 -0.12 0.04 -3.05
No 425 197 -0.49 0.07 0.04 0.02 -0.54  0.07 -7.28
Metamorphic ~ Low 572 204 -0.76 0.07 0.08 0.02 -0.83  0.07 -11.54
grade Medium 155 87 -0.30 0.11 0.01 0.02 -0.31  0.11 -2.85
High 3134 2771 0.15 0.02 -0.59 0.05 0.74  0.05 15.08
Quaternary Landslide deposits 489 905 0.89 0.03 -0.20 0.02 1.10 0.04 27.99
geology Bare rock 1709 1618 0.22 0.02 -0.18 0.02 040  0.04 11.37
Others 2092 736 -0.77 0.04 0.41 0.02 -1.18  0.04 -28.24
Geological 0.039 — 0.447km /km? 2269 1023 -0.52 0.03 0.38 0.02 -0.90  0.04 -23.78
lineament 0.447 — 0.812km/km? 1991 2182 0.37 0.02 -0.48 0.03 0.85  0.04 22.82
density 0.812 — 0.898km/km? 30 54 0.86 0.14 -0.01 0.02 0.87 0.14 6.30
2.09 — 3.15mm/year 3034 1534 -0.41 0.03 0.60 0.02 -1.01  0.04 -28.77
Uplift 3.15 —4.11mm/year 1129 1714 0.69 0.02 -0.44 0.03 1.13 0.04 3233
4.11 — 4.33mm/year 118 11 -2.10 0.30 0.02 0.02 -2.13  0.30 -7.04
Unlift eradient 0.0002-0.0006° 1406 654 -0.49 0.04 0.17 0.02 -0.66  0.04 -15.17
pults 0.0006-0.0024° 2885 2605 0.17 0.02 -0.49 0.04 0.66  0.04 15.17
45 —1020m 2125 901 -0.58 0.03 0.36 0.02 -0.94  0.04 -24.08
Relative relief 1020 — 1620m 1911 2229 0.43 0.02 -0.56 0.03 0.99  0.04 26.31
1620 — 2217m 255 129 -0.41 0.09 0.02 0.02 -0.43  0.09 -4.75
0-107° 1404 636 -0.52 0.04 0.18 0.02 -0.70  0.04 -15.75
107-134° 263 240 0.19 0.06 -0.01 0.02 0.20  0.07 2.96
Slope aspect 134-206° 950 640 -0.12 0.04 0.03 0.02 -0.15  0.04 -3.43
206-332° 1348 1545 0.41 0.03 -0.27 0.02 0.68  0.04 19.29
332-359° 326 198 -0.22 0.07 0.02 0.02 -0.24  0.07 -3.26
Normal 500 — 741 mm /year 157 46 -0.95 0.15 0.02 0.02 -0.98  0.15 -6.58
annual total 741 — 1143 mm /year 624 1337 1.04 0.03 -0.37 0.02 141  0.04 39.46
precipitation 1143 — 3713 mm/year 3500 1876 -0.35 0.02 0.84 0.03 -1.20  0.04 -33.73

lift values (Table 2, Figure 3b). Regional uplift can theoreti-
cally be the cause for an increased relief and, therefore, may

negatively affect the stability of rock slopes (Galadini, 2006;
Martino et al., 2004). However, it remains unclear, which ef-
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fect the amount of uplift has. The relation in between uplift
gradient and the occurrence of rockfalls exhibits a negative
relation for low uplift gradients and a positive relation for
medium to high gradients (Table 2, Figure 3c).

6.4.2 Seismicity

Seismicity may represent a potential trigger of rockfalls (e.g.,
Keefer, 1984; Marzorati et al., 2002) or may lead to rock
mass strength reduction as a long term predisposing factor
(Jaboyedoff et al., 2003). In the study area the seismicity on
land is in general too low in order to trigger rockfalls (Keefer,
1984) and it should primarily be considered as a long term
predisposing factor. However, the analysis results of earth-
quake density do not indicate any clear relation in between
the location of rockfalls and earthquakes.

6.5 Topography

As described above the registered impacts on the road instead
of the source areas cause major problems when analysing
the DEM or derivatives of it, like resulting in positive spa-
tial relations of rockfalls to low slope angles, planar or pro-
file curvature around zero as well as low roughness values.
Those properties can consequently not be used for describ-
ing relations to the occurrence of rockfall sources. However,
the analyses of relative relief and slope aspect resulted in
statistically and geologically significant spatial relations. Ar-
eas with a relative relief larger than 1020 m but smaller than
1620 m are prone to rockfalls, for areas with lower or higher
relief the rockfall susceptibility is decreasing (Table 2, Fig-
ure 3d). In addition, it can be demonstrated that a slope aspect
from 206° to 332° (SW-NW) is prone to develop rockfalls,
whereas other slope orientations have a negative relation to
the occurrence of rockfalls (Table 2, Figure 3e). A small pos-
itive correlation is also found for a slope aspect from 107
to 134° (ESE-SE). As described above the climate in the
study area is primarily influenced by large weather systems
mainly coming from west. This results in a larger exposure of
west-facing slopes to precipitation. However, this cannot be
the only reason, since the spatial relation becomes less clear
when analysing the general valley trends with a coarser grid.
These slope orientations experience also the most intense
melt water production, because of the combined favoured ex-
posure to wind and solar radiation (Sandersen et al., 1996).
On the other hand, Bjerrum and Jgrstad (1968) and Sander-
sen et al. (1996) state that frost shattering is the most im-
portant factor for rockfalls in Norway. Diurnal freeze and
thaw cycles are in general most effective on slopes facing SE
to SW (Baillifard et al., 2004; Matsuoka and Sakai, 1999;
Santi et al., 2009), however frost weathering of rocks de-
pends on more factors than solely temperature and solar ra-
diation (Matsuoka and Murton, 2008; Matsuoka, 2008).

6.6 Climate

A strong negative spatial correlation in between the occur-
rence of rockfalls and normal annual average temperatures
lower than 0.5°C has been identified. Higher temperatures,
however, do not have any clear spatial relation to the occur-
rence of rockfalls.

Low normal annual total precipitation values are increas-
ing the rockfall susceptibility, and very low values below
740mm/year as well as values above 1100 mm /year have
a negative relation to the occurrence of rockfalls (Figure 3f).
Sandersen et al. (1996) state that the precipitation is one
of the most significant factors controlling rockfalls besides
freeze-thaw cycles. However, this cannot be confirmed by
analyzing normal annual values. It might be rather extreme
events that have an influence on the development of rockfalls.

7 Resulting susceptibility maps

Controlling parameters that have a clear and significant spa-
tial relation to the occurrence of rockfalls were selected and
regrouped into fewer classes, based on observed relations, so
that the groups represent coherent relations with respect to
the occurrence of rockfalls. Breakpoints that maximise the
spatial association between rockfalls and controlling param-
eters and that are statistically significant have been identi-
fied based on calculated weights (/W™ and W ™) and stu-
dentised contrasts stud(C'). The final classifications with the
corresponding weights are summarized in Table 2. These
controlling parameter maps were used to produce suscepti-
bility maps based on the Weights-of-Evidence method for
the training area. More than 50 different susceptibility maps
with different parameter combinations were produced, test-
ing the influence of each controlling parameter. Conditional
independence was tested for all models and models where
this assumption was violated were rejected. The model with
the best performance was defined based on success rate
curves and validated with a prediction rate curve (Figure
4a). This model includes the controlling parameters tectono-
stratigraphic position, quaternary geology, geological linea-
ment density, relative relief and slope aspect and has an area
under the success rate curve of 0.75. Success and prediction
rate curves are very similar; however, it is noticeable that the
success rate curve is slightly lower than the prediction rate
curve. This is in general the opposite since the success rate
curve is obtained using the data with that the model was cal-
culated, whereas for the prediction rate curve the validation
data is used, that has not been included for producing the
model. It indicates that the validation data fits the model bet-
ter than the training data. The prediction rate curve reveals
that the model detects 70% of rockfalls from the validation
data set within 30% of the training area.

Finally, a susceptibility map was calculated for the entire
land area of the study area using the model obtained and val-
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Fig. 4. a) Success rate and prediction rate curve for the best perform-
ing Weights-of-Evidence model as well as success rate curve for lo-
gistic regression model using the same parameters as the Weights-
of-Evidence model. All three curves are very similar. b) Distribution
of the posterior probability for all registered rockfalls. 70% of the
rockfalls have a posterior probability larger than the prior proba-
bility of 0.0001. Posterior probabilities are classified into five sus-
ceptibility classes, indicated by coloured boxes, based on equally
percentages of registered rockfalls for each class. Each susceptibil-
ity class contains 20% of the registered rockfalls.

idated within the training area (Figure 5a). The final suscep-
tibility map is characterized by in general lower susceptibil-
ities close to the coast and higher susceptibilities further in-
land. In addition, an increasing susceptibility from north to
south can be observed.

Especially the entire inner fjord system of Sogne Fjord dis-
plays higher rockfall susceptibilities. At last the obtained sus-
ceptibility map was intersected with the source areas from
the physically based rockfall susceptibility map (Figure 5b
and Figure 6). The resulting susceptibility map is now re-
stricted to areas that are steep enough to generate rockfalls.

Shsceptlblliy—
Il Very low

Fig. 5. Resulting susceptibility maps based on the controlling pa-
rameters tectono-stratigraphic position, quaternary geology, geo-
logical lineament density, relative relief and slope aspect. a) Suscep-
tibility for the entire land area and b) for the physically determined
source zones from Derron (2010).

This is an important step, because the slope angle has not
been included into the model so far. The physically deter-
mined rockfall source areas are now updated with relative
probabilities.

8 Discussion

It has been questioned whether the existing slope failure in-
ventory in Norway is suitable for statistical analysis or not
because of its strong restrictions, mainly temporal and spatial
discontinuity and incompleteness. However, temporal and
spatial censoring of data is a problem that most inventories
face including underreporting of data, incomplete data, inad-
equate sample time intervals or protective measures in high
susceptible zones (Hungr et al., 1999). This study aimed to
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Fig. 6. Detail of the different susceptibility maps. For the location see Figure 5. a) Susceptibility within a road buffer of 1km, which has
been used as training area for analyzing the spatial relation between rockfalls and controlling parameters as well as for validation of the
model. b) Susceptibility for the entire land area based on the model set up from a). c) Rockfall susceptibility map based on Derron (2010). d)
Combined rockfall susceptibility map displaying the physically determined source zones from Derron (2010) updated with probabilistically

assessed susceptibilities. e)Distribution of susceptibility for the registered rockfalls within the displayed area.

investigate the feasibility of statistic and probabilistic meth-
ods for analysing the inventories existing in Norway focusing
on rock slope failures. The results confirm that the existing
data in fact can be used to gain further knowledge about the
controlling factors for rock slope failures in Norway based on
statistical analysis in spite of strong restrictions. The results
are robust with respect to changes of the study area as well
as of the inventory and the restrictions have thus a limited
influence. This study demonstrated the possibility of using
road inventories for statistical analyses and should encour-
age for further analysis of the remaining inventory covering
entire Norway in order to study regional variations within the
controlling parameters.

Even if this study claims to be quantitative, a certain de-
gree of subjectivity remains, when choosing the parameters
for the final susceptibility map. Spatial relations of the con-
trolling parameters were judged based on expert knowledge
whether they are geologically reasonable or not. Detailed ge-
ological knowledge about the study area is always required in
order to be able to produce credible susceptibility maps. This
small scale susceptibility map should be primarily used as a
first order susceptibility map in order to detect hot spot ar-

eas, where critical factor combinations occur. More detailed
investigations should be performed in areas that were identi-
fied as especially critical so that more precise susceptibility
maps and additionally hazard maps can be prepared.

By replacing probabilities with relative frequencies it must
be assumed that all rockfalls are known and the applied meth-
ods are thus strongly dependent on the completeness of the
inventory (Schaeben, 2012). This is however assumed to be
not the case for this study and will thus lead to an under-
estimation of the prior probability resulting in a bias of the
weights as well as the final susceptibility (Agterberg and
Cheng, 2002). Furthermore, the calculation of the suscepti-
bility map with help of the Weights-of-Evidence method de-
pends on the assumption of conditional independence. How-
ever, even if the tests for conditional independence do not
reveal a strong violation of this assumption, a certain de-
gree of conditional dependence will always be present in
natural applications. Conditional dependence will lead to an
overestimation of the final susceptibility. Based on our ex-
perience Weights-of-Evidence is a very powerful method for
data exploration, but its application is limited for combining
datasets to a susceptibility map due to the multiple assump-
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tion of conditional independence (Bohme, 2007; Schaeben,
2012). As logistic regression is closely related to Weights-
of-Evidence, but not based on the assumption of conditional
independence, this method yields a good alternative in gen-
erating susceptibility maps (Hosmer and Lemeshow, 2000).
However, applying logistic regression with the same control-
ling parameters within the training area, results in a very
similar susceptibility map as with the Weights-of-Evidence
method, but in total with larger posterior probabilities. Suc-
cess rate curves display that the results from both methods
yield comparable predictabilities (Figure 4a) and susceptibil-
ities are thus most likely not over estimated by the Weights-
of-Evidence method. Resulting posterior probabilities are in
general very low with the highest posterior probability of
0.0027 for the source zones. For comparison, the prior prob-
ability for rockfalls in the study area is 0.0001 for each cell.

9 Conclusions

The spatial relationship between rockfall occurrence and
potential controlling parameters in the county of Sogn &
Fjordane has been evaluated using the Weights-of-Evidence
method. Quaternary geology, tectono-stratigraphic position
and geological lineament density have the strongest spatial
relation to the occurrence of rockfalls in the study area (Ta-
ble 2). A rockfall susceptibility map for the entire county of
Sogn & Fjordane could be calculated based on the results
of the statistical analyses of the controlling parameters. The
model with best performance includes the controlling param-
eters tectono-stratigraphic position, quaternary geology, ge-
ological lineament density, relative relief and slope aspect.
Combining the statistical susceptibility model with a phys-
ically based model restricts the susceptibility map to areas
that are steep enough to represent a potential rockfall source.
This combination makes it possible to use road inventories,
with registered impacts instead of sources, for susceptibility
modelling.
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The unstable rock slope, Stampa, above the village of Flam, Norway, shows signs of both active and postglacial
gravitational deformation over an area of 11 km?. Detailed structural field mapping, annual differential Glob-
al Navigation Satellite System (GNSS) surveys, as well as geomorphic analysis of high-resolution digital ele-
vation models based on airborne and terrestrial laser scanning indicate that slope deformation is complex
and spatially variable. Numerical modeling was used to investigate the influence of former rockslide activity
Keywords: and to better understand the failure mechanism. Field observations, kinematic analysis and numerical model-
GPS ing indicate a strong structural control of the unstable area. Based on the integration of the above analyses,
we propose that the failure mechanism is dominated by (1) a toppling component, (2) subsiding bilinear
wedge failure and (3) planar sliding along the foliation at the toe of the unstable slope. Using differential
GNSS, 18 points were measured annually over a period of up to 6 years. Two of these points have an
average yearly movement of around 10 mmy/year. They are located at the frontal cliff on almost completely
detached blocks with volumes smaller than 300,000 m>. Large fractures indicate deep-seated gravitational
deformation of volumes reaching several 100 million m?, but the movement rates in these areas are below
2 mm/year. Two different lobes of prehistoric rock slope failures were dated with terrestrial cosmogenic nu-
clides. While the northern lobe gave an average age of 4,300 years BP, the southern one resulted in two dif-
ferent ages (2,400 and 12,000 years BP), which represent most likely multiple rockfall events. This reflects
the currently observable deformation style with unstable blocks in the northern part in between Joasete
and Furekamben and no distinct blocks but a high rockfall activity around Ramnanosi in the south. With a
relative susceptibility analysis it is concluded that small collapses of blocks along the frontal cliff will be
more frequent. Larger collapses of free-standing blocks along the cliff with volumes >100,000 m>, thus
large enough to reach the fjord, cannot be ruled out. A larger collapse involving several million m? is present-
ly considered of very low likelihood.

Terrestrial cosmogenic dating
Rockslide

Structural geology
Continuum modeling
Discontinuum modeling
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1. Introduction

In order to understand the deformation of a complex unstable
rock slope and to develop a coherent geomechanical model the inte-
gration of different data sources and results from different analysis
methods is necessary (e.g. Zangerl et al., 2010; Gischig et al., 2011).

* Corresponding author at: Geological Survey of Norway, Leiv Eirikssons vei 39, 7040

Trondheim, Norway. Tel.: +47 73904242; fax: +47 73921620.
E-mail addresses: martina.bohme@ngu.no (M. Bohme), reginald.hermanns@ngu.no

(RL. Hermanns), thierry.oppikofer@ngu.no (T. Oppikofer), luzia.fischer@ngu.no
(L. Fischer), halvor.bunkholt@ngu.no (H.S.S. Bunkholt), trond.eiken@geo.uio.no
(T. Eiken), Andrea.Pedrazzini@unil.ch (A. Pedrazzini), Marc-Henri.Derron@unil.ch
(M.-H. Derron), Michel.Jaboyedoff@unil.ch (M. Jaboyedoff), Ihb@aknes.no (L.H. Blikra),
bjorn.nilsen@ntnu.no (B. Nilsen).

0013-7952/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.enggeo.2012.11.016

Numerical modeling techniques are especially helpful to understand
the failure mechanisms of complex rock slope deformations, where
basic kinematic analyses often present an oversimplification (Stead
et al., 2006). However, especially for structurally controlled instabil-
ities, the latter are still essential for a first evaluation of the slope sit-
uation (Coggan et al., 1998; Stead et al., 2006). Kinematic models
yield valuable information as inputs for more advanced numerical
models. It has been demonstrated in numerous studies that structural
control plays an important role for large rock slope instabilities (e.g.
Terzaghi, 1962; Cruden and Varnes, 1996; Hermanns and Strecker,
1999; Agliardi et al., 2001; Sartori et al., 2003; Jaboyedoff et al.,
2009). The influence of inherited structures, mainly pre-existing
joint sets and the metamorphic foliation, has been pointed out to be
especially important in western Norway, where the study area is
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located (Braathen et al., 2004; Bohme et al., 2011; Henderson and
Saintot, 2011; Saintot et al., 2011).

Historical records and geological studies of western Norway show
a high concentration of post-glacial gravitational slope failures as well
as current rock slope instabilities (Blikra et al., 2006; Bohme et al.,
2011; Saintot et al., 2011). Several catastrophic failures causing tsu-
namis in the inner fjord areas of western Norway resulted in large
loss of life in the last century (Furseth, 2006). The unstable rock
slope, Stampa, above the village Flam, Aurland municipality, is one
of the largest actively deforming rockslide areas known today in
Norway (Braathen et al., 2004). An area of up to 11 km? that extends
7 km N-S and 2 km E-W exhibits signs of both active and postglacial
gravitational deformation (Figs. 1 and 2). Movement rates vary con-
siderably over the entire unstable area, ranging from average 3D
movement vectors of 15 mm/year at one delimited block down to
below significance level (Hermanns et al., 2011a).

We carried out detailed structural field mapping, yearly differen-
tial Global Navigation Satellite System (GNSS) surveys from 2005 to
2011, as well as an analysis of a high-resolution digital elevation
model (HR-DEM) based on airborne laser scanning (ALS) data and
several terrestrial laser scanning (TLS) surveys. In addition, continu-
um and discontinuum numerical modeling were used to understand
the influence of former rockslide activity as well as the deformation
of the unstable slope.

2. Overview of the study area

The unstable rock slope, Stampa, is located on the eastern slope at
the southern end of Aurland Fjord, a branch of Sogne Fjord in western
Norway (Fig. 2). The bedrock in this area consists of Lower Palaeozoic
and Precambrian metamorphic rocks. During the Caledonian Orogeny,
the rocks were intensely reworked by a general NW-SE oriented
crustal shortening that resulted in a thrust sheet transport towards
SE onto the Precambrian basement (Roberts and Gee, 1985). The

instability is completely located within phyllites that are thrusted
over the Precambrian basement. A Caledonian thrust boundary
forms the contact between the phyllites and the overlying Jotun
Nappe to the west (Fig. 2).

Quarternary glaciations have had a strong impact on the Norwe-
gian topography. Glacial erosion resulted in long U-shaped valleys
and many deep fjords. The valleys of the study area are assumed to
have been ice-free since 10,800 cal. years BP (Mangerud et al.,
2011). Deglaciation has resulted in a sudden unloading of the glacially
steepened slopes. This, in addition to post-glacial tectonic activity, in-
cluding isostatic rebound and large magnitude earthquakes (Dehls et
al., 2000; Fjeldskaar et al., 2000; Olesen, 2004), may have generated a
large amount of gravitational structures in western Norway (Blikra et
al.,, 2006; Saintot et al., 2011).

The unstable area is located directly at the corner where the valley
changes its orientation from NNE-SSW towards N-S (Fig. 2). This
change in orientation is likely to have caused a different stress pattern
in the unstable slope during glaciation and deglaciation compared to
straight valleys elsewhere and might thus explain the location of the
instability exactly at this place (Panizza, 1973).

Large rockslide deposits have been mapped within Aurland Fjord
reaching up to almost 4 km along the fjord and dating back to the
end of the last glaciation (Blikra et al., 2006). Additionally, at least
one further rockslide reached down to the fjord dating older than
ca. 2800 years BP (Bge et al, 2004). Multiple lobes of smaller
rockslide deposits cover the slope below the entire deformation
front (Fig. 2). Instabilities and collapses have been observed within
these deposits, but those are not part of this study.

The gravitational slope deformations above Flam were first stud-
ied in the early 2000s, when geomorphological maps were produced,
bathymetric and seismic data were collected in Aurland Fjord and a
first structural model was presented (Domaas et al., 2002; Braathen
et al., 2004; Olesen, 2004; Blikra et al., 2006). A differential GNSS
campaign started in 2005, whereas detailed investigations and

Fig. 1. Aerial oblique view of the unstable slope, Stampa, above the village Flam (www.norgei3d.no).
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Fig. 2. Hillshade of the HR-DEM based on ALS data on land and bathymetric data for the fjord bottom. Lines a-b mark the profile used for numerical modeling (Figs. 10 and 11). Rose
diagram of digitalized lineaments and open fractures from the HR-DEM (segments with 10 m length). The inset shows the location of the study area in southern Norway. (For in-
terpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

mapping were first commenced in 2008. Besides the studies
presented here, airborne and ground based electromagnetic investi-
gations have been undertaken in recent years (Pfaffhuber et al.,
2010, 2011).

The unstable area above Flam was divided into three subareas
(A, B and C) based on geomorphological observations (Fig. 2).

Subarea A, representing the northernmost part of the unstable area
north and west of Joasete, displays the most advanced stage of defor-
mation. The largest open fractures striking NE-SW and forming gra-
ben structures are located in this region. Two nearly freestanding
blocks (block A1 and A2; Fig. 3) with the highest measured horizontal
movement rates of 8.5 and 10.8 mmy/year, respectively, are situated
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along the cliff in subarea A. The central part of the unstable slope be-
tween Joasete and Furekamben, subarea B, is characterized by smaller
scale open fractures and large surface depressions (Fig. 2). Two clear-
ly delimited blocks are located close to the cliff (block B1 and B2;
Fig. 3), but the detachment of these blocks is not as well developed
as for block A1 and A2 in subarea A. The area south of Furekamben
and around Ramnanosi, subarea C, reveals a different deformation
pattern and is characterized by an up to 200 m high, west-facing
cliff with very high rockfall activity. Two extensive surface depres-
sions have developed along slope parallel structures that can be
traced up to 3 km on the hillshade of the HR-DEM (Fig. 2; Braathen
et al., 2004).

3. Structural analysis and volume estimations
3.1. Methods

Detailed structural field mapping was undertaken between 2008
and 2010. More than 2500 orientation measurements of joints and fo-
liation were recorded at 122 localities (Figs. 2 and 4). Terrestrial laser
scanning (TLS) surveys were carried out in 2008 and 2009 on two dif-
ferent locations, TLS 1 focusing on the cliffs at Ramnanosi and TLS 2
focusing on block A1 (Fig. 2). A detailed structural analysis of the
TLS data was conducted using the Coltop3D software (www.
terranum.ch; Jaboyedoff et al., 2007). In addition, the total rotational
movement of block A1 was analyzed based on quantifying the differ-
ences in orientation of the discontinuity sets on the unstable block
and on the stable part obtained from the structural analysis of the
TLS data (Hermanns et al., 2011a; Oppikofer et al., 2012).

A high-resolution digital elevation model (HR-DEM) with 1 m res-
olution based on airborne laser scanning (ALS) data as well as very
detailed aerial photographs provided the basis for a detailed analysis
of the unstable area. Open fractures and lineaments were digitized
and their orientations determined. Five frontal blocks were analyzed
more in detail based on the HR-DEM and the structural knowledge
obtained from field data (blocks A1, A2, A3, B1 and B2; Fig. 3).
Using the PolyWorks software (InnovMetric, 2011) lateral and back-
bounding structures for those blocks and subarea A were determined
and potential basal failure surfaces were estimated by fitting planes to

N J1=079/84 £ 11°
J2 = 025/89 + 12°
J3=113/84 = 11°
‘ Foliation = 258/18 +16°
J3 /e Fold axis = 274/12+10°

Equal Area
Lower Hemisphere

J2 2649 Poles

S

Fig. 4. Density stereonet of the field data (1% contour intervals). In addition, 10 vari-
ability cones and mean surfaces for the major discontinuity sets are displayed.
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the point cloud following the method proposed by Oppikofer (2009).
Accurate volume calculations were possible based on these limits. In
addition, volumes for larger unstable subareas where calculated
with the Sloping Local Base Level (SLBL) method (Derron et al.,
2005; Jaboyedoff and Derron, 2005). All blocks and subareas are in-
ternally fractured and might not fail at once, but rather in several
smaller events. The calculated volumes have thus to be considered
as the upper limit for the different block volumes.

3.2. Results

All orientation data of discontinuity surfaces in this publication are
given as dip direction and dip angle in degrees. The variability of the
discontinuity sets is reported as one standard deviation.

3.2.1. Joints

The analysis of the three different sources of structural data re-
vealed three main joint sets that are all steep and very constant in
orientation across the whole unstable area; J1 striking NNW-SSE,
J2 striking WNW-ESE and ]3 striking NNE-SSW (Table 1; Figs. 2
and 4). Most open gravitational fractures, graben structures and line-
aments, which are visible on the HR-DEM and in the field, developed
along those main sets or a combination of two of them. Furthermore,
unstable blocks at the frontal cliff are mainly delimited by these three
discontinuity sets (Table 2). This shows that gravitational slope defor-
mation is strongly influenced by these pre-existing joint sets.

3.2.2. Foliation

The metamorphic foliation of the phyllites is strongly folded with
varying types and degrees of folding (Fig. 5), ranging from centimeter-
scale close folds to meter-scale open folds, but with a constant shallow
fold axis plunging on average 274/124-10°. Despite this complex fold-
ing pattern, the foliation develops preferentially surfaces with an aver-
age orientation of 258/18 4+ 16°, thus down towards the Fldm Valley
(Figs. 4 and 5b). The entire study area has similar average values for
the orientation of foliation, besides some few outstanding localities,
which are mostly localities with a strong folding (Fig. 5a).

The orientation of the foliation obtained from TLS data coincides
with our field measurements (Table 1). However, TLS 1 data indicate
steeper foliation surfaces than those measured in the field. Our field
data as well as TLS 2 give an average dip of 18°, while TLS 1 data give fo-
liation dip angles around 35°. This difference is significant for stability
evaluation. Field data was almost exclusively collected on top of the pla-
teau, since the steeper slopes are not accessible. In contrast, TLS data
samples the vertical cliffs and vertical variations in discontinuity orien-
tations might thus explain differences between the two data sets, espe-
cially taking into account the locally high degree of small scale folding.
However, it cannot fully be asserted whether the measured surfaces in
the TLS 1 dataset are foliation surfaces or not.

3.2.3. Detailed analysis of frontal blocks

The back-bounding and lateral structures of subarea A as well as
for the five delimited blocks could be mapped on the HR-DEM and

Table 1

the basal limits were assumed parallel to the outcropping slope below
the toe of the cliff (Table 2). Volume calculations based on these limits
result in a volume of 31 million m? for the entire subarea A, and accord-
ingly smaller volumes for the single blocks in this subarea: 280,000 m>
for block A1, 130,000 m* for block A2 and 100,000 m> for block A3.
Based on a run-out estimation with CONEFALL (Jaboyedoff and
Labiouse, 2011), Block A1 could reach the fjord during a complete fail-
ure. A tsunami hazard assessment indicates that this volume would
cause a run up of 3-4 m in the village of Fldam (NGI, 2009). However,
since block A1 has high internal fracturing, it is uncertain if it will re-
lease in one part or successive smaller events.

The detachment of blocks B1 and B2 is not as well developed as for
the blocks A1 and A2 in subarea A. In any case they can still be
delimited by visible structures that follow pre-existing joint sets
and a volume of 280,000 m? for block B1 and 380,000 m? for block
B2 have been calculated based on these limits (Table 2). Since it is
difficult to define basal limits for larger areas like subarea B, the vol-
ume of it has been estimated with the SLBL technique, resulting in
300 million m? (Table 2).

4. Kinematic analysis
4.1. Method

Simple kinematic feasibility tests for planar sliding, wedge failure
and toppling have been made based on the criteria defined by
Richards et al. (1978) and Hoek and Bray (1981). However, we used
a larger direction tolerance of 45° for toppling failure and no direction
tolerance at all for planar failure to be more conservative. This study
investigates rockslides with complex structures and a small direction
limitation might thus not be suitable (Oppikofer, 2009). In addition, a
low friction angle of 20° has been used due to the possibility of
breccia or gouge containing material with low frictional strength
(e.g. Henderson et al., 2010). Mean slope values of an entire subarea
have been used for the kinematic analysis, since this study is focusing
on large instabilities.

4.2. Results

Kinematic analyses indicate that both planar failure along foliation
and wedge failure along the foliation and ]2 are feasible in all sub-
areas, taking into account the high variability of foliation (Fig. 6). Fur-
thermore, toppling is kinematically possible along ]3 and partly along
J1. This agrees with the analyzed blocks A1, A2, A3 and B1, where
back-bounding structures formed along ]3 and lateral release surfaces
parallel to J1 (Table 2).

Since the foliation is strongly folded, it varies considerably within
small distance. It can therefore be excluded that one single continu-
ous sliding surface long enough to permit planar or also wedge failure
of large rock slope instabilities can develop along the foliation. Hence,
it is necessary that this unstable area is affected by a more complex
failure mechanism than planar sliding along foliation or also wedge
failure including the foliation. A more complex basal failure surface

Summary of the main discontinuity sets. Orientation data are given as dip direction/dip angle + 1o variability in degrees. The orientations from TLS data are for all joint sets within
the limits of the variability of the field data. For TLS 1 discontinuity set ]3 is not visible due to the scanning direction, which is parallel to these surfaces. Foliation orientations are
identical for field data and TLS 2, but steeper for TLS 1. Orientations for ALS data represent digitized lineaments and open fractures from the HR-DEM for which no dip angles have

been determined.

Discontinuity set Field data TLS 1 TLS 2 ALS
Mean orientation Spacing [m] Persistence [m] JRC Mean orientation Mean orientation Mean orientation
N 079/84411° 0.5-2 1-3 7.5 243/894+9° 080/78413° 076
]2 025/894+12° 0.5-3 1-2 16 205/724+10° 007/54425° 035
3 113/84£11° 0.5-2 0.5-1 7 - 144/56 £20° 109
Foliation 258/18416° - - - 243/354+11° 261/184+16° -
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Table 2

121

Overview of subareas and different unstable blocks. Volumes are calculated based on limiting structures except for Subarea B, where the SLBL method was used to estimate the
volume. Values for GNSS points with no significant vertical or horizontal movement are shown in italics (Table 3).

GNSS-point 3D movement vector

Value [mm/year] Direction (trend/plunge)

Volume [m>] Limiting structures

Back bounding fracture Lateral release fractures Basal failure surface

Subarea A Entire subarea AU13 24 322/25
AU21 2.0 308/25

Block A1 AU12 9.5 301/28

Block A2 AU14 15.2 324/45

Block A3 AUT1 4.7 308/65

Subarea B Entire subarea AU7 26 290/30
AU8 2.5 314/28

AU9 22 315/18

Block B1 AU10 44 306/24

Block B2 AU15 39 330/53

AU16 3.6 326/58

31 Million 310/80 (J3) Free face 300/27
285/80 (J3)
280,000 281/75 (J3) 226/46 302/38
331/74
130,000 120/90 (J3) 247/74 (J1) 259/18
036/80 (J2) 333/29
100,000 331/74 270/80 (J1) 283/41
313/74 (J3) 016/75 (J2)
300 Million  Volume calculation based on SLBL
380,000 300/76 (J3) 258/80 (J1) 005/18
280,000 310/40 240/80 310/40

has to develop, which probably follows the foliation in some parts,
but steps down additionally along pre-existing joints with viable ori-
entations, fold hinges or breaking through intact rock similar as ob-
served in other locations in Norway (Fig. 7a; Jaboyedoff et al., 2011;
Oppikofer et al, 2011). Failure surfaces parallel to foliation but
stepping down along fold hinges or pre-existing joints were observed
on smaller blocks in the field (Fig. 7b and c). However, structures re-
lated to regional detachment zones or faults that are not visible in the
field data may be important for the failure system.

5. Displacement measurements
5.1. Method

Differential GNSS surveys have been undertaken yearly since the
establishment of the first survey points in 2005. At that time, 3
fixed points were installed in stable areas and 16 rover points in po-
tentially unstable regions. Two additional rover points (AU15 and
AU16) were installed in a potentially unstable area at Furekamben
in 2006. The locations of all GNSS-points are illustrated in Fig. 2.

GNSS-points with a significant movement are in this publication
defined as points with a registered average movement larger than
the average movement error 30y,.

O; position error of each measurement
n number of measurements
At time in between first and last measurement

The average movement error 30y, varies in this study from 0.6 to
2.6 mmy/year in horizontal direction and 1.1 to 3.9 mmy/year in verti-
cal direction (Table 3).

Movement rates and directions vary significantly from year to year
as most points have observed displacements close to the level of accura-
cy of the measurement method. Variations between yearly measure-
ments might display random measurement errors (Hermanns et al.,
2011a). Robust linear regressions over the entire time series were
thus applied to determine average yearly movement rates. The move-
ment trend and plunge were computed for every GNSS-point with sig-
nificant horizontal and respectively vertical displacement based on the
regression results. However, with only seven sets of readings, the re-
gression is still influenced by single years measurements and a longer
time series is necessary to increase the statistical significance of the re-
gression results.

5.2. Results

The yearly differential GNSS measurements indicate that in total
16 points have a significant average horizontal movement over the
entire measurement period from 2005 to 2011 (Fig. 8a). However,
only 5 points indicate a clear gravitational downslope deformation
with a consistent movement trend over time in the horizontal move-
ment (Table 3; e.g. Fig. 9a and b). Even if the other points with signif-
icant movement do not reveal a constant movement trend on a yearly
basis, their long-term movement trend over the entire six-year mea-
surement period is towards WNW to NW (290-330°, average: 310°),
which is consistent with a downslope movement (Fig. 3).

Significant average yearly horizontal movement rates range from
0.8 to 10.8 mmy/year. The two GNSS-points, AU12 and AU14, with
the highest horizontal movement rates of 8.5 and 10.8 mm/year to-
wards 301° and 324°, respectively, are located close to each other in

Fig. 5. Metamorphic foliation of the phyllites. a) Strongly folded foliation as it can be observed at several locations of the study area. b) Large open folds develop preferentially shal-

low dipping foliation surfaces.
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J1=080/86 + 10°

J2 =207/89 + 8°
J3=106/81+11°
Foliation = 257/17 £15°
Fold axis = 265/15°
dGNSS vector = 313/31°

J1=075/82 + 8°

J2 =200/87 + 8°
J3=116/83 + 10°
Foliation = 277/17 + 13°
Fold axis = 290/13°
dGNSS vector = 312/35°

J1=073/823 + 11°

J2 =023/86 + 13°
J3=114/84 + 10°
Foliation = 267/19 + 13°
Fold axis = 264/16°
dGNSS vector = 305/42°

_ _ Slope and daylight
envelope
Cone of friction
angle (6=20°)

* Fold axis

\ dGNSS vector

Failure envelopes:

I°C Plane failure
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Fig. 6. Kinematic analysis of a) subarea A, b) subarea B, and c) subarea C. 10 variability
cones and mean surfaces for the major discontinuity sets are displayed. Planar sliding
along foliation as well as wedge failure along the foliation and ]2 are feasible in all sub-
areas, taking into account the high variability of foliation. Additionally toppling along
3 is feasible in all three subareas and along J1 in subarea C and partially in subarea
A. Average orientations of differential GNSS vectors for each subarea are plotted on
the stereonet.

subarea A on defined blocks that are almost completely detached
from the surrounding bedrock (block A1 and A2; Fig. 3). The same ob-
servation applies for GNSS-point AU10 in subarea B, which has an av-
erage horizontal movement of 4.0 mm/year towards 306° and is
located close to the cliff on a delimited block (B1; Fig. 3). All other
GNSS-points have horizontal movement rates around 2 mm/year or
lower (Fig. 8a; Table 3).

Only 9 GNSS-points have a significant average vertical movement
over the entire measurement period from 2005 to 2011, but only
point AU14 reveals a consistent movement trend over time in the

vertical movement (Table 3; Fig. 8b and 9d). Higher average 3D
movement rates, compared to horizontal movement rates, indicate
that the vertical movement rate is an important component in the de-
formation mechanism (Table 3). However, the interpretation of verti-
cal differential GNSS results is difficult for most points due to annual
systematic trends. The GNSS signal propagation velocity was modeled
based on standard atmosphere, and deviations from this, especially in
temperature and relative humidity, have a systematic impact on the
large height differences between fixed points and rover points (up
to 1400 m). Temperature inversion layers in the valley between
fixed and rover points can have a similar effect. This leads to very
inconsistent vertical movement patterns that cannot be explained
geologically even for points with statistically significant vertical mea-
surement results. The measurements from 2007 exemplify this, since
most points have an exceptional upward movement in 2007, which is
most likely due to atmospheric effects (Fig. 9c and d). Calculated
movement plunges have thus to be handled with caution for all
points, except GNSS point AU14, which is the only point with a con-
sistent vertical movement trend (Fig. 9d). The resulting 3D move-
ment for AU 14 is 15.2 mm towards 324/45 (Table 3).

All blocks display internal fracturing and it cannot be excluded
that the single GNSS-points on each block record only the movement
of a smaller part of each block and might not be representative for the
entire block.

6. Dating of rockslide deposits

Terrestrial cosmogenic nuclides (TCN) dating was used in the
Flam study area to help further constraining the chronology and na-
ture of rockslide events at two different lobes, belonging either to sin-
gle rockslide events or to creeping lobes of successive rockfall
deposits. TCN dating has been previously used for separating complex
rock avalanche deposits of several generations into various events
(Hermanns et al., 2001, 2004). A comprehensive review of TCN dating
is provided by Gosse and Phillips (2001). This novel method provided
absolute dates for two deposits in the study area.

6.1. Method

A total of 6 samples were taken from boulders with 4-12 m in di-
ameter from two lobes (3 samples per lobe) in the study area (Fig. 2).
The samples were collected following the guidelines recommended
by Gosse and Phillips (2001), recording the rationale for sample se-
lection, description of sampled rock block, geologic description of
sample, location, orientation, sample thickness, and shielding geome-
try. The samples were prepared and concentrated at the Dalhousie
University Cosmogenic Nuclide Exposure Dating Facility in Halifax,
Canada. All except one sample had enough quartz to obtain a reliable
result. The derived ages were calculated using the program CRONUS

Fig. 7. a) Schematic sketch of proposed basal failure surface along foliation, but stepping down along joint sets J1 and J3 or fold hinges. b and c¢) Step-path failure mode as observed

in the field on smaller blocks.
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Table 3
Summary of differential GNSS results. Average movement values as well as movement trend and plunge are calculated based on linear regression. In italics: results that are not
significant, and in bold: points that show a consistent movement trend (Fig. 8).

GNSS-point  Average horizontal Average horizontal Significant Average vertical Average vertical Significant Average 3D Average 3D Movement Movement
movement movement error horizontal movement movement error vertical movement movement error trend [°] plunge [°]
[mm/year] 30m, [mm/year] movement [mm/year] 301, [mm/year] movement [mm/year] 30y, [mm/year]
AU2 0.8 0.7 Yes —-1.2 1.1 Yes 15 13 287 56
AU3 0.9 1.7 No —0.8 29 No 12 34 255 42
AU4 12 0.7 Yes —16 12 Yes 2.0 13 301 53
AU5 14 0.7 Yes —-15 1.2 Yes 2.1 14 297 48
AU6 1.7 0.7 Yes —1.1 12 No 2.0 14 303 33
AU7 23 0.8 Yes —13 14 No 26 1.6 290 30
AU8 22 0.8 Yes —12 14 No 25 16 314 28
AU9 2.1 0.9 Yes —0.7 15 No 22 1.7 315 18
AU10 4.0 0.9 Yes —-18 15 Yes 4.4 1.8 306 24
AU11 2.0 2.6 No —43 39 Yes 4.7 4.7 308 65
AU12 85 2.2 Yes —44 34 Yes 9.5 4.0 301 31
AU13 21 0.9 Yes —1.0 15 No 24 18 322 25
AU14 10.8 1.1 Yes —-10.7 18 Yes 15.2 2.1 324 47
AU15 23 1.0 Yes —31 18 Yes 39 2.1 330 53
AU16 19 11 Yes —31 2.0 Yes 3.6 23 326 58
AU18 16 13 Yes —09 22 No 18 2.6 322 31
AU21 1.8 0.9 Yes —09 15 No 2.0 1.8 308 25
AU22 14 0.6 Yes —1.0 1.1 No 1.7 12 317 35

10Be exposure age calculator (Balco et al., 2008) and therefore were first local production rates determined within Norway; one in northern
calculated using global production rates and scaling models by Lal Norway (Fenton et al, 2011) and another in southern Norway
(1991) and Stone (2000). In a second step the ages were calibrated to (Goehring et al., 2012).
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Fig. 8. Results of the differential GNSS surveys. Average yearly horizontal (a) and vertical (b) movement rates for each point obtained by robust linear regression of all measured
points between 2005 and 2011. Error bars indicate 4+ 30, Sixteen points have a significant horizontal movement, while only 9 points have a significant vertical movement. Points
that have a consistent movement trend over time are shown in green and the location of the GNSS points on either frontal blocks or distinct frontal blocks along the cliff is indicated
with hatched symbols. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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6.2. Results

Results from the dating are presented in Table 4. As expected all ages
point towards a post-glacial origin for the deposits. Ages obtained using
local production rates are slightly older than those using global produc-
tion rates. The results from both lobes vary significantly.

The three samples from the northern lobe below Joasete nearly coin-
cide within 10 uncertainties and indicate a mean age close after the
mid-Holocene climate optimum ending around 5,000 years BP. This
may coincide with a minimum age of 2,840-2,720 cal years BP of or-
ganic material extracted from a sediment core above the deposits of a
rock avalanche deposited into Aurland Fjord (Fig. 2; Blikra et al., 2006;
Boe et al., 2004) and suggests that the organic material extracted from
the marine core post dates the same rock avalanche deposit dated
onshore.

The southern lobe below Ramnanosi has very contrasting ages,
one age is of the latest Holocene (2,400 years BP) while the other of
the late Pleistocene (12,000 years BP). These ages are ambiguous.
One interpretation is that this lobe is build up by multiple rockfall ac-
tivity over a long period. This agrees with the currently observable

deformation style at Ramnanosi with a high rockfall activity, but no
larger unstable blocks comparable to those described in subareas A
and B. Alternatively they can represent the deposit of a single event,
where the older sample has an inherited surface exposure age of
pre-failure exposure or the younger age might represent a boulder

Table 4

Ages obtained by '°Be cosmogenic nuclide dating on samples in the Flam Valley and 10
uncertainty levels. Sample height is measured by altimeter with 1 m resolution; sam-
ple locations are shown in Fig. 2.

RH-FL-01 RH-FL-02 RH-FL-03 RH-FL-05 RH-FL-06

Sample height [m] 92 115 126 135 166

Age [years] calibrated to 4223 3665 3374 2230 11,130
Lal (1991) and Stone
(2000)

Age [years] calibrated to 4884 4239 3902 2579 12,873
Fenton et al. (2011)

Age [years] calibrated to 4557 3955 3641 2407 12,012
Goehring et al. (2012)

Uncertainty [years] (10) 483 334 338 224 1119
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that tilted due to post landslide creeping. Such effects have been
reported by Ivy-Ochs et al. (2009) for the Flims rockslide.

7. 2D numerical analyses
7.1. General method

Two different numerical approaches were conducted in this study.
First, a continuum model was used to analyze the stress distribution
within the slope and to investigate the influence of unloading the
slope due to a prehistoric rockslide. In a second step, the potential fail-
ure mechanism was investigated in more detail using a discontinuum
model with the aim to reproduce the current slope morphology from
an assumed pre-deformation topography.

A profile parallel to the main measured movement trend was
constructed through subarea A so that it includes block A1 (Fig. 2).
For this profile, a pre-deformation topography was assumed, where
all graben structures have been closed (Figs. 10 and 11a). In-situ
stress measurements from this region indicate a horizontal to vertical
stress ratio of around one, i.e. moderate tectonic horizontal stress in
addition to the vertical component induced by gravity (Hanssen,
1998). Thus an in-situ stress ratio of one was assumed for this study
in both numerical models.

7.2. Continuum modeling setup

The two-dimensional finite element software Phase? (Rocscience,
2012) was used for the continuum model. A Mohr-Coulomb plastic
approach was applied to model the rock mass before and after failure
of a prehistoric rockslide in a two-stage analysis. The topography
prior to this prehistoric rockslide was reconstructed based on today's
morphology. By including a ubiquitous joint model in the strength
factor calculation (Rocscience, 2012) the influence of foliation and
vertical joint sets (J1 and J3) on the strength factor was investigated.
The strength factor in Phase? is defined as the ratio of rock strength to
induced stress at every point in the mesh.

The rock strength has been derived based on 14 existing uniaxial
compression tests of samples from the same lithological unit
(Hanssen et al., 1990). The uniaxial compressive strength of these
samples varies from 10 to 125 MPa with a mean and median of
47 MPa. Young's modulus E, Young's modulus for intact rock E;,
Poisson's ratio v and the Hoek-Brown intact material constant mi
were estimated from literature with similar rock types or tabled
values (Table 5; Agliardi et al., 2001, 2009; Kulhawy, 1975). The geo-
logical strength index (GSI; Hoek et al., 2002) was estimated in the
field to be 40-60 and a value of 50 was used to calculate the rock
mass parameters. A disturbance factor D of 0.5 was assumed in
order to account for effects of mechanical weathering due to
melting-freezing cycles of water as well as fractures induced from
glacial erosion and deglaciation (e.g. Jaboyedoff et al., 2012). The
Mohr-Coulomb parameters and the rock mass parameters were
assessed with RocLab (Rocscience, 2007) based on the Hoek-Brown
failure criterion (Table 5; Hoek et al., 2002). The residual parameter
for cohesion was estimated based on Edelbro (2009) by multiplying
the peak values with 0.3, while the residual friction angle was chosen
to be equal to the peak friction angle as suggested by the same author.

7.3. Discontinuum modeling setup

The discontinuum modeling approach was carried out using the
two-dimensional distinct element code UDEC (Itasca, 2004) in order
to be able to model the deformation of a structurally controlled rock
slope instability (Eberhardt et al., 2004; Brideau et al., 2006). A linear-
ly elastic model was assumed for intact rock block behavior and dis-
continuities are modeled using the Mohr-Coulomb failure criterion
with residual strength.

Foliation and joint networks were generated based on average ap-
parent dip values from field measurements of subarea A (Table 6).
However, joint set J2 was not included since its dip direction deviates
too much from the profile trend. The spacing of the joints was esti-
mated in the field, but needed to be increased for the modeling
(Tables 1 and 6). The location and orientation of four graben struc-
tures are known from the geomorphologic mapping on the HR-DEM
and were thus explicitly introduced as single joints in addition to
the joint network with lower peak strength properties that were set
equal to the corresponding residual strength values (Table 6). Inclina-
tions of these graben structures have been estimated by fitting planes
to the ALS point cloud using PolyWorks (InnovMetric, 2011). In the
field it could be observed that discontinuities are non-persistent to
different degrees. This is accounted for in the numerical model by ap-
plying Jennings' equivalent cohesion and friction criterion (Jennings,
1970). This means that the discontinuities were modeled as fully per-
sistent, but with higher peak strength properties that account for the
combined effect of non-persistent joints and intact rock bridges
(Fischer et al., 2010; Gischig et al., 2011; Jaboyedoff et al., 2012).

There are large uncertainties in the model associated with the
assigned rock mass and discontinuity strength parameters (Tables 5
and 6). A basic sensitivity analysis was thus undertaken in order to in-
vestigate the influence in changes of the different parameters. In ad-
dition the discontinuity networks have a relatively large variability
of dip and dip direction in the field. This was not directly included
in the modeling, but different geometrical configurations were tested
in order to investigate the influence of the presence of different dis-
continuity sets as well as differing discontinuity inclinations on the
modeling results. Since the largest uncertainties are due to the locally
high degree of folding of the foliation, different dip angles and spacing
of the foliation were modeled. In addition, models with and without
introducing foliation or the graben structures were run.

7.4. Continuum modeling results

Continuum modeling was used to investigate the stress distribu-
tion in the slope and to investigate the influence of a prehistoric
rockslide. The finite element simulation illustrates clearly that signif-
icant changes in the stress field of the slope after the modeled failure
of the prehistoric rockslide are restricted to the frontal area (Fig. 10a).
It indicates an increase of mean stress at the slope crest and a de-
crease on the middle of the slope, at the foot of the modeled prehis-
toric rockslide.

The importance of an anisotropic rock mass strength could be
highlighted by introducing ubiquitous joint sets in the strength factor
calculation (Fig. 10b and c). Modeling results indicate that the
presence of discontinuities was necessary to develop the prehistoric
failure as well as the current morphology with distinct graben struc-
tures. Without introducing discontinuities, the strength factor stays
significantly above one for the entire studied profile. However, the in-
troduction of ubiquitous joint sets results in lowered strength factors
in regions that coincide with the extent of the prehistoric rockslide
and the approximate location of the largest graben structure situated
at Joasete (Fig. 10b). There are only minor regions along the slope with
strength factors below one after the prehistoric failure (Fig. 10c). It can
thus be concluded that the weakness zones, along which today's graben
structures formed, have developed already prior to the prehistoric slope
failure and might thus at the present stage only be remnants of a former
instability.

7.5. Discontinuum modeling results

Discontinuum modeling was used to further investigate the possi-
ble failure mechanisms. The modeling results highlight a clear struc-
tural dependence of the failure mechanisms: testing different
geometrical configurations confirmed that all observable structures
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Fig. 10. Continuum modeling results. See Fig. 2 for profile location. a) Mean stress difference after failure of the prehistoric rockslide. An increase of mean stresses at the slope crest
and decrease at the central part of the slope can be observed. However, only the frontal area is affected by changes in the stress field. b and c) Strength factor after introducing
ubiquitous joint sets. b) Situation before failure of the prehistoric rockslide and c) situation after the failure. The prehistoric rockslide area is clearly delimited by a low strength
factor (b). In addition zones with a low strength factor, corresponding approximately to the location of today's graben structures can be observed (b). These weakness zones are
not present any longer after the failure of the prehistoric rockslide (c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of the article.)
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need to be included into the model in order to (1) get the highest de-
formation at the slope crest at block A1 and (2) to be able to repro-
duce today's morphology (Fig. 11b). The discontinuities forming
today's graben structures have to be explicitly introduced with a
low strength into the model in order to really form graben structures
and to obtain a downward movement of the frontal block A1. This
confirms again that these structures need to be initiated already at
an earlier stage, for example prior to the prehistoric slope failure. As
mentioned before, the graben structures formed along joint set J3,
which was included as a joint network in the numerical model. How-
ever, during modeling the variation in dip angle and dip direction was
not taken into account and the mean dip direction of J3 is opposite to
the manually introduced weak structures.

Sensitivity analysis confirmed that changing the strength parame-
ters of the rock mass as well as those of the discontinuity sets, does
not change the general failure mechanism. Different discontinuity
strength parameters result mainly in different amounts of calculated
displacement, like for example the formation of smaller or larger gra-
ben structures.

Table 5

Rock mass properties used for continuum and discontinuum modeling.
Density [kg/m?] 2800
Uniaxial compressive strength UCS [MPa] 47
GSI 50
mi 10
Disturbance factor D 0.5
Young's modulus for intact rock E; [GPa] 30
Tensile strength [MPa] 0.06
Cohesion [MPa] 2
Residual cohesion [MPa] 0.6
Friction angle [°] 26
Residual friction angle [°] 26
Young's modulus E [GPa] 15
Poisson's ratio v 0.1
Bulk modulus K [GPa] 6.25
Shear modulus G [GPa] 6.82

The results of the numerical modeling highlight a complex failure
mechanism, that is a combination of (1) a toppling component over
the entire unstable area along J1 and J3, (2) the formation of grabens
based on a subsiding bilinear wedge between |1 or J3 and the graben
structures similar as described by Norrish and Wyllie (1996) and
(3) planar sliding along foliation on different horizons at the toe of
the slope (Fig. 11b). The bilinear wedge formation can be observed
in the field on the cliff in between Furekamben and Ramnanosi
which forms a natural cross section through the studied area. Such a
bilinear wedge was also reported for the 2006 Eiger rockslide in
Switzerland (Oppikofer et al., 2008; Jaboyedoff et al., 2012). The spe-
cific discontinuity configuration of the studied profile with steep
joints dipping into the mountain, combined with a flatter foliation is
characteristic for block toppling (e.g. Wyllie, 1980; Nichol et al.,
2002; Wyllie and Mah, 2004). Toppling is indicated by linearly in-
creasing displacements from the bottom upwards and typical aper-
tures of block interfaces (Fig. 11b; Lanaro et al.,, 1997). In theory a
block toppling failure has a stepped base (Wyllie and Mah, 2004),
but this is in this study disrupted by the graben structures. Within
the numerical model no continuous basal failure surface developed
below the entire unstable area.

Table 6
Discontinuity properties used in UDEC for discontinuum modeling.

Discontinuities Foliation J1 AE] Graben structures
Apparent dip [°] 12 —87 —80 85

Spacing [m] 20 80 60 -

Peak tensile strength [kPa] 0.5 0.5 05 0

Residual tensile strength [kPa] 0 0 0 0

Peak cohesion [MPa] 1 0.5 05 001

Residual cohesion [MPa] 0.1 0.01 0.01 0.01

Peak friction angle [°] 30 32 32 20

Residual friction angle [°] 15 20 20 20

Joint normal stiffness [GPa/m] 7 7 7 7

Joint shear stiffness [GPa/m] 1 1 1 1
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8. Discussion of the geomechanical model

Movement trends from the differential GNSS analysis are consis-
tent with a wedge failure along foliation and J2 as well as toppling
along J3 taking into account the variability of the involved structures,
but not with a planar sliding along foliation (Fig. 6). However, calcu-
lated movement plunges are too steep for both mechanisms. As dem-
onstrated by the numerical modeling results, combined toppling and
subsiding bilinear wedge failure result in steeper displacement vec-
tors (Fig. 11b).

The analysis of the total rotational movement of block A1 based on
discontinuity orientations resulted in a total toppling movement of
15° towards 308° (Hermanns et al., 2011a; Oppikofer et al., 2012).
This rotation is consistent with the measured differential GNSS move-
ment vector of AU12 on block A1 (Table 3), but oblique to the
expected toppling movement along J3 (Table 2), which is forming
the back-bounding escarpment. A lateral restriction by joint set ]2
may explain this deviation.

Numerical discontinuum modeling demonstrated that toppling
along J1 and J3 as well as bilinear wedge failure along J1, ]3 and the
graben structures are the dominant failure mechanisms for subarea
A. However, it has to be kept in mind that the numerical models are
still simplified and conceptual, so that details might be different in re-
ality. Nevertheless, the general failure mechanisms that have been
observed in the modeling results were not sensitive to changes in
the input parameters as shown by a basic sensitivity analysis. In addi-
tion, large regional faults may be of importance for the failure system,
but these have not been found in the field.

The used apparent dip angle of foliation is less than the friction
angle (Table 6) and sliding failure is thus unlikely. However, planar
sliding along the foliation is present at the toe of the unstable slope
within the discontinuum model due to the actively pushing rock
mass behind. Signs for planar sliding cannot be directly observed in
the field because of thick scree coverage of the lower parts of the
slope. Movements of this scree deposits have been reported and a
local collapse in 1979 resulted in 11 m total displacement (Domaas
et al., 2002).

The here proposed failure model is similar to the complex field
model with planar fault geometry suggested by Braathen et al.
(2004), also called slide-topple (Brideau and Stead, 2009; Hermanns
and Longva, 2012). This combined failure mechanism depends on
the interaction between basal and rear structures and involves sliding
at the toe of the unstable rock mass and toppling in the upper part, as
observed in this study. However, in contrast to simple toppling the
displacement pattern for this failure mechanism would be character-
ized by non-linearly increasing displacements from the bottom up-
wards as demonstrated by Brideau and Stead (2009). This could not
be observed in the results of the numerical model within this study.
In addition, according to Brideau and Stead (2009) the dip of the
rear structures has to be shallower than 70° in order to develop a
slide-topple mechanism, which is not the case for the discontinuities
observed in the study area.

The largest uncertainty in the discontinuum model is the assump-
tion of a straight foliation without including variability. Field observa-
tions show a high variability of the foliation orientation and locally
high degrees of folding. Those are difficult to include into the model
directly, but have been partially accounted for by applying higher
strength properties for the foliation. However, especially high degrees
of folding with distinct fold hinges may have a strong influence on the
deformation mechanism, like described in Chapter 4.2 and Fig. 7a. In
addition, no orientation data from below the surface exist since all
measurements are from the top of the plateau. Potential vertical
changes, like indicated by TLS 1, have thus not been considered. How-
ever, even cored boreholes would only give very local information
about the variability of foliation with depth. In general it might be dif-
ficult to model a complex failure mechanism like observed at Stampa

along a single profile in 2D. Numerical analyses in 3D would probably
improve the understanding of the entire slope instability (Brideau et
al, 2011).

The potential influence of groundwater and seasonal pore pres-
sure build up was not taken into account in the numerical models
due to the lack of data on hydrological conditions. However, especial-
ly the introduction of a general porewater pressure as well as a poten-
tial pore pressure build up during snow melt will lower the shear
strength of the failure surfaces and thus influence the geomechanical
model. In addition ice wedging may act as an important factor in the
instability development, especially because of the well-developed
joint network at Stampa.

9. Relative failure susceptibility and implications for hazard

The village of Flam is a popular tourist destination during summer,
receiving around 450,000 visitors and more than 130 cruise ships each
year. Due to the high public interest and the large amount of potentially
affected persons, questions about the likelihood of a catastrophic failure
are important to answer. Based upon geomorphological studies of pre-
historic events, structural variability and differential GNSS movements
it is interpreted that slope deformation and collapse of the slope in fu-
ture will be similar to the past. Small collapses of blocks <100,000 m*
along the frontal cliffs where structures allow for slope disintegration
(i.e. partial release of blocks A1, A2, A3, B1 and B2), can occur more fre-
quent. These failures have deposited on the slope in the past and did not
reach down to the fjord or village (Fig. 2). Medium-sized slope collapses
of blocks >100,000 m® along the cliff with volumes large enough to
reach the fjord cannot be ruled out (i.e. blocks A1, A2, A3, B1 and B2).
At least two such events have occurred since the end of the last glacia-
tion. One of them was dated older than 3000 years BP (Table 4; Boe et
al., 2004; Hermanns et al., 2011b). Large rockslide deposits on the
fjord bottom, which date back to the end of the last glaciation (Blikra
etal,, 2006), indicate that a collapse involving a larger volume (i.e. entire
subarea A or B) is of very low likelihood and most likely linked to major
climatic changes like glacial-interglacial cycles.

These failure scenarios can be supported by the differential GNSS
results. Movements of >4 mmy/year can only be found for clearly
delimited frontal blocks, but not inside the subareas. Long-term
movement rates determined by cosmogenic nuclide dating of ex-
posed sliding surfaces of other active unstable rock slopes in Norway
indicated that these slow movement rates (<4 mm/year) may be
present since the end of the last glaciation without any significant ac-
celeration (Hermanns et al., 2012). Thus these slow movement rates
represent most likely long-term movement rates and are not critical
for a failure in the near future assuming aseismic conditions. In this
region neo-tectonic activity has not been reported until now. A signif-
icant increase of movement rates will therefore be necessary before a
catastrophic failure (Crosta and Agliardi, 2003).

10. Summary and conclusions

This study of the Stampa slope demonstrated the importance of
integrating different data sources and analysis methods in order to
understand the deformation mechanism of a complex unstable rock
slope. Only the joint interpretation of all results led to a coherent
model of the deformation and failure mechanism.

All analyses indicated that gravitational slope deformation in the
study area is strongly influenced by inherited structures, like
pre-existing joint sets and the metamorphic foliation of the phyllites.
Large open fractures or surface depressions developed along the main
joint sets or a combination of two of them. The analyzed blocks are
clearly delimited by pre-existing joint sets. Numerical modeling also
supports a structurally controlled failure, where discontinuities with a
low strength dominate the rock mass behavior. Continuum modeling
results suggest that the weakness zones, along which today's graben



M. Bohme et al. / Engineering Geology 154 (2013) 116-130 129

structures formed, have developed already prior to a prehistoric slope
failure and are today probably only remnants of a former instability.

The integrated structural and kinematic analysis as well as
numerical modeling indicate a complex failure system involving the
following mechanisms (1) a toppling component, (2) a subsiding bi-
linear wedge failure and (3) planar sliding along the foliation at the
toe of the unstable slope. Frontal blocks may have a stepped basal fail-
ure surface following the foliation and stepping down along J1 and J3.
Planar sliding at the toe of the unstable slope indicated by numerical
discontinuum modeling can however not be confirmed by other re-
sults or field observations, due to thick scree deposits that cover the
entire lower part of the slope.

Geomorphological analysis and cosmogenic nuclide dating con-
firmed that the northern region between Joasete and Furekamben,
subarea A and B, has potential for medium-scale gravitational slope
failures of blocks with volumes up to various 100,000 m?, while the
area around Ramnanosi, subarea C, will most likely only be affected
by small-volume rockfall events. The larger subareas which have
movement rates below 4 mmy/year exhibit probably long-term move-
ment rates and are not critical for catastrophic failure without signif-
icant external changes.
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ABSTRACT: The unstable rock slope above the village of Flam shows signs of active and postglacial
gravitational deformation over an area of 11 km?2 We performed detailed structural field mapping, annual
differential Global Navigation Satellite System (GNSS) surveys, and generated a detailed topographic
model based on airborne and terrestrial laser scanning. Kinematic analyses of the structural data indi-
cates that deformation is complex and varies over the slope. Both sliding and toppling are locally feasible.
Using differential GNSS, 18 points were measured annually over a period of up to 6 years. Two of these
points show an average yearly movement of around 10 mm/year. They are located at the frontal cliff on
almost completely detached blocks. Large fractures indicate deep-seated gravitational deformation of
volumes up to 80 million m?, but the movement rates in these areas are below 2 mm/year. Based upon
these combined observations, we interpret that small collapses of blocks along the frontal cliff will be
more frequent. Larger collapses of free-standing blocks along the cliff with volumes >100,000 m?, thus
large enough to reach the fjord, cannot be ruled out. A large collapse involving more than 10 million m?,
however, is of very low likelihood at present.

1 INTRODUCTION 11 and 9 mm/year at two delimited blocks down to
below significance level (Hermanns et al., 2011a).
Historical records and geological studies show Large rockslide deposits have been mapped

a high concentration of post-glacial gravita-  within the fjord and date back to the end of the
tional slope failures as well as current rock slope  last glaciation at ca. 11,000 years BP (Blikra et al.,
instabilities in western Norway (Blikra et al., 2006,  2006). Additionally, at least one further rockslide
Bohme et al., 2011). Several catastrophic failures  reached down to the fjord dating older than 3000
causing tsunamis in the inner fjord areas of west-  years BP (Boe et al., 2004, Hermanns et al., 2011a).
ern Norway resulted in large loss of life in the last ~ Multiple lobes of smaller size deposits cover the
century (Furseth 2006). slope below the entire deformation front (Fig. 1).
The unstable rock slope above the village Flam, An intensive investigation program has been
Aurland municipality is one of the largest actively  carried out in order to understand this unstable
deforming rockslide areas known today in Norway  slope. Part of this is detailed structural field map-
(Braathen et al., 2004). It is located at the southern  ping, a differential Global Navigation Satellite
end of Aurlandsfjorden, a branch of Sognefjorden,  System (GNSS) survey, as well as the analysis of
on the eastern slope above the fjord and the vil-  a detailed digital elevation model (DEM) based on
lage of Flam (Fig. 1). An area of up to 11 km?that  airborne laser scanning (ALS) data and several ter-
extends 7 km N-S and 2 km E-W shows signs of  restrial laser scanning (TLS) surveys.
active and postglacial gravitational deformation. In this study we summarize all data, which
Slide velocities vary considerably over the entire  results in a detailed and consistent model of the
unstable area, ranging from mean velocities of  instability with a complex structural setting that
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Hillshade of the study area based on ALS data. GNSS points, observation points for structural data, the

different subareas as well as mapped rockslide deposits on the slope are illustrated. The inset shows the location of the

study area inside southern Norway.

is controlling the deformation pattern of the
unstable slope. Three different subareas have been
distinguished based on geomorphology, structural
variability and velocities (Fig. 1).

2 METHODS

2.1

Detailed structural field mapping was undertaken
in the summers of 2008, 2009 and 2010. More than
2500 orientation measurements of joints and folia-
tion were recorded at 122 localities (Fig. 1).

TLS surveys. were carried out in the autumn
of 2008 and 2009 on two different locations (TLS 1
and 2, Fig. 1). A detailed structural analysis of the
TLS data was conducted using the Coltop3D soft-
ware (www.terranum.ch, Jaboyedoff et al., 2007).

In addition, a DEM with 1 m resolution based
on ALS data, provided the basis for further analy-
ses of the unstable area. Open fractures and line-
aments were digitalized and their orientations
determined. Certain unstable areas were ana-
lyzed in much higher detail based on the detailed
DEM and the obtained structural knowledge
about the study area. Using PolyWorks software
(InnovMetric 2011) lateral and back-bounding
structures were determined and potential basal
failure surfaces were estimated by fitting planes to
the point cloud (see Oppikofer 2009 for method).
Accurate volume calculations were possible based
on these limits.

Structural analysis

648

Simple kinematic tests for planar sliding, wedge
failure and toppling have been made based on the
criteria defined by Hoek & Bray (1981). However,
we used a larger direction tolerance of 45° for top-
pling failure and no direction tolerance at all for
planar failure to be more conservative. This study
investigates rockslides with complex structures and
a direction limitation might thus not be suitable
(see also Oppikofer 2009).

2.2 Displacement measurements

Differential GNSS surveys have been undertaken
yearly since the establishment of the first sur-
vey points in 2005. At that time, 3 fixed points
were installed in stable areas and 16 rover points
in potentially unstable regions. Two additional
points (AU15 and AU16, Fig. 1) were installed in
a potentially unstable area at Furekamben in 2006.
One new fixed point (AU25_NFP) as well as a new
point on a potentially unstable block (AU24) were
established in 2009. The locations of all GNSS-
points are illustrated in Figure 1.

Significant movement is in this publication
defined as a registered movement larger than the
uncertainty of the measurement method. This is
under normal conditions varying from 3 to 6 mm
for a 99% significance level in horizontal direction
and 10 to 20 mm in vertical direction (Hermanns
etal., 2011a, b). In addition, a certain gravitational
deformation is only given in points where the trend
of the movement direction is consistent over time.



The interpretation of vertical differential GNSS
results is for most points difficult due to annual
systematic trends from unmodeled meteorological
effects and large height differences between fixed
points and rover points (max. 1400 m). Hence, the
uncertainty for the vertical movements is much
higher than the uncertainty for the horizontal
movements. Additionally, they show inconsistent
directions for most points, and have thus not been
used in the following analysis.

Movement rates and directions vary significantly
from year to year as most points have observed
displacements near the level of accuracy of the
measurement method. Variations between yearly
measurements might display random measurement
errors (Hermanns et al., 2011b). Thus normalizing
the total horizontal movement between the first
and last measurement by the observation time
can reduce this uncertainty. Hence, the differential
GNSS movement rates in this report are given as
average yearly movement rates.

3 RESULTS

3.1 Structural analysis

Work on the structural model is based on detailed
structural field mapping, as well as on detailed
DEMs derived from ALS data and TLS surveys.

All orientation data of discontinuity planes
in this publication are given as dip direction and
dip angle.

3.1.1 Joints

The analysis of the three different sources of struc-
tural data revealed three main joint sets that are
all steep and very constant in orientation across
the whole unstable area (Table 1, Fig. 2). Most
open fractures and lineaments, which are visible
on the DEM and in the field, developed along
those main sets or a combination of two of them.
Furthermore, unstable blocks at the frontal cliff
are mainly delimited by these three discontinu-
ity sets. This shows that the gravitational slope
deformation is strongly influenced by pre-existing
joint sets.

3.1.2  Foliation

The metamorphic foliation of the phyllites is
strongly folded with varying types and degrees of
folding, ranging from centimeter-scale, close folds
to meter-scale open folds, but with a constant shal-
low fold axis plunging on average 274/12 = 10°.
Despite this complex folding pattern, the foliation
develops preferentially surfaces with an average
orientation of 264/18 + 15°, thus slightly oblique
down towards the fjord.

Table 1. Summary of main discontinuity sets.
Orientation data are given as dip direction/dip angle
+ 1o variability in degrees.

Discontinuity

set Field data  TLS1 TLS2

I 078/84 £9° 243/89+£9° 080/78 £11°
12 203/89£9°  205/72+£10° 010/71 £ 14°
J3 113/83 £ 11° 108/78 £ 10°
Foliation 264/18 £ 15° 243/35+11° 262/19 £ 16°

a
Figure 2. Rose diagrams of A) field data of joints sets
and B) digitalized lineaments and open fractures from
the ALS derived DEM. Both show the same three main
joint sets (Table 1).

The orientation of the foliation obtained from
TLS data coincides with our field measurements.
However, TLS 1 data indicate steeper foliation
planes than those measured in the field (Table 1).
Our field data as well as TLS 2 give an average dip
of 18°, while TLS 1 data give foliation dip angles
around 35°. This difference is significant for sta-
bility evaluation, but the TLS data might be influ-
enced by local variations due to the high degree of
folding.

3.2 Displacement measurements

In total 15 GNSS-points have a significant horizon-
tal total movement over the measurement period
from 2005 to 2011 (Fig. 3A). However, only three
points indicate a certain gravitational deformation
with a coherent trend in the movement (Fig. 3B, C
for points AU12 and 14). Even if the other points
do not reveal a constant trend, their general move-
ment trend towards WNW to NWN is consistent
with the geological model (Fig. 1).

Average yearly movement rates range from 1 to
11 mm. Two monitoring points (AU12 and AU14)
show an average yearly movement around 10 mm
per year. They are located close to each other in the
northern part of the monitored area of the unsta-
ble slope on defined blocks that are almost com-
pletely detached from the surrounding bedrock
(block A1 and A2, see below, Fig. 4).
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4 DISCUSSION

4.1  Spatial sub-division based on morphology,
structures, deformation, differential GNSS
velocity and kinematic analysis

The unstable area above Flam can be divided into
three subareas (A, B and C) based on the detailed
DEM, the structural analysis, geomorphologi-
cal observations and displacement measurements
(Fig. 1).

Furthermore, it can be shown that all GNSS-
points with movements >2 mm/year are located on
defined blocks, which can be delimited by cracks,
cliffs and incised rivers (Figs. 1, 4). For these blocks,
lateral and back-bounding structures could be
determined and potential basal failure surfaces were
estimated. Additionally, volumes for the different
subareas and some defined blocks have been cal-
culated. In the following the subareas as well as the
single blocks are described in more detail.

It has to be mentioned that all blocks described
below show internal fracturing and might not
fail at once, rather in several smaller events. The
calculated volumes have thus to be considered as
the upper limit for a volume estimation. In the
same manner it cannot be excluded that the single
GNSS-points on each block record only the move-
ment of a smaller part of each block and might not
be represantative for the whole block.

4.1.1  Subarea A

The northern part of the unstable area, thus the area
N and W of Joasete, represents the most advanced
stage of deformation (Figs. 1, 4). The largest open
fractures, which developed along J1, J2 and J3,
are located in this region. Two nearly freestanding
blocks (blocks Al and A2, Fig. 4) with the highest
measured movement rates around 10 mm/year are
situated at the cliff in this subarea. All other GNSS-
points that are located further away from the cliff in
this sub-area have movements <2 mm/year. The back-
bounding and lateral structures could be mapped on
the DEM and the basal limits were assumed parallel
to the slope below the toe of the cliff.

This results in a volume of 31 million m* for
the entire subarea A, and accordingly smaller vol-
umes for the single blocks, 280,000 m?® for block
Al and 130,000 m?® for block A2. The volume of
block Al is critical as a failure of the entire block
could reach the fjord. A tsunami hazard assess-
ment indicates that this volume would cause a run
up of 3-4 m in the village of Flam (NGI 2009).
However, since block A1 has high internal fractur-
ing, it is uncertain if it will release in one part or
successive smaller events.

Kinematic analysis indicates that potential basal
failure surfaces could partially develop along the
foliation, taking into account the high variability
of foliation (Fig. 5A). Furthermore, toppling is
kinematically possible along J3 and partly J1. This
can be confirmed by the unstable blocks in this
area (Al and A2). Both blocks have a back-crack
along J3 and lateral release surfaces parallel to J1.

4.1.2  Subarea B

The central part of the unstable slope between
Joasete and Furekamben is characterized by small
open fractures and large surface depressions that
have developed along J1 and J3. Horizontal move-
ment rates are below 2.6 mm/year for the points
farther away from the cliff, but 4.3, 3.0 and 2.9 mm/
year for points AU10, 15 and 16, respectively, that
are located close to the cliff on delimited blocks
(B1 and B2, Fig. 4).

More detailed analyses have been done for the
two frontal blocks B1 and B2. However, the detach-
ment of these blocks is not as well developed as
for the blocks described for subarea A. In any case
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Figure 5. Kinematic analysis of A) subarea A, B) suba-
rea B, and C) subarea C. Planar sliding along foliation
as well as toppling along J3 is possible in all subareas.
Additionally toppling along J1 is feasible in subarea C
and partially in subarea A.

they can still be delimited by visible structures that
follow pre-existing joint sets. The basal limits have
been estimated based on the outcropping slope
below the foot of the blocks. This results in a vol-
ume of 280,000 m? for block B1 and 380,000 m?
for block B2.

The kinematic analysis shows similar results as
in subarea A. Sliding is also possible along folia-
tion and toppling along J3 (Fig. 5B).

4.1.3  Subarea C

The southern part of the study area, thus the area
S of Fureckamben and around Ramnanosi, reveals
a different deformation pattern. This region is
characterized by an up to 200 m high, west-facing
cliff with very high rockfall activity. Two exten-
sive surface depressions have developed along
slope parallel structures, which most likely repre-
sent the foliation, and can be traced up to 3 km
on the DEM (Fig. 1). They confine volumes of
up to 80 million m®. However, movement rates in
this region are smaller than 2 mm/year. Kinematic
analysis indicates that sliding along the foliation as
well as toppling along J1 and J3 is kinematically
feasible in this region (Fig. 5C).

4.2 Failure mechanism

The kinematic tests indicate that both toppling
and sliding are feasible mechanisms in the different
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unstable parts of the slope. Since the foliation is
strongly folded, it varies considerably within small
distance. It can therefore be excluded that a sin-
gle constant sliding surface can develop along the
foliation. Hence, it is necessary that this unstable
area is affected by a more complex failure mecha-
nism. A more complex basal limit has to develop
which probably follows the foliation in some parts,
but steps down additionally along pre-existing
joints, fold hinges or breaking through intact rock
(Fig. 6). Toppling is possible along different joint
sets and is mainly concentrated along the steep
cliffs at the deformation front. However, as dis-
cussed by Oppikofer et al. (2012) for block Al,
toppling alone cannot explain the large open frac-
tures visible in the field or DEM.

Similar as proposed by Braathen et al. (2004),
one possible failure mechanism is a combination
of sliding and toppling, called “slide-topple”
(Brideau & Stead 2009). This combined failure
mechanism depends on the interaction between
basal and rear structures and involves sliding
at the toe of the unstable block and toppling in
the upper part.

4.3 Relative failure susceptibility

Based upon geomorphological studies of prehis-
toric events, structural variability and differential
GNSS velocities we interpret that slope defor-
mation and collapse of the slope in future will
be similar to the past. Small collapses of blocks
<100,000 m* along the frontal cliffs where struc-
tures allow for slope disintegration, can occur sev-
eral times in the next 1000 years. These failures will
deposit on the slope and will not reach down to
the fjord or village. Medium-sized slope collapses
of blocks >100,000 m? along the cliff with volumes
large enough to reach the fjord cannot be ruled out
(i.e., blocks A1, A2, Bl and B2). At least two such
events have occurred since the end of the last gla-
ciations. One of them was dated older than 3000
years BP (Boe et al., 2004, Hermanns et al., 2011a).
Large rockslide deposits on the fjord bottom, which
date back to the end of the last glaciation (Blikra
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et al., 2006), indicate that a large collapse involving
a volume of more than 10 million m? is of very low
likelihood and most likely linked to major climatic
changes like glacial-interglacial cycles.

5 CONCLUSIONS

The structural analysis shows that gravitational
slope deformation in the study area is strongly
influenced by inherited structures, like pre-
existing joint sets and the metamorphic foliation
of the phyllites. Several cracks opened along those
structures. With kinematic tests it could be con-
firmed that planar sliding and toppling of blocks
is feasible along these discontinuities. Additionally,
the analyzed blocks are clearly delimited by pre-
existing joint sets. Large open fractures or surface
depressions developed along the main joint sets or
a combination of two of them.

The study area can be divided into different sub-
areas, based on differential GNSS movement data
and stage of development of the slope instabilities.
Most advanced deformation is located at the blocks
along the cliff in the northern part of the study area,
N and W of Joasete (subarea A). Large open frac-
tures characterize this area. Two clearly delimited
blocks (blocks Al and A2) at the front of the cliff
have average movement rates around 10 mm/year.
Subarea B between Joasete and Furekamben shows
less advanced deformation with only minor open
fractures, but large surface depressions. Subarea C
is characterized by two large surface depressions
only, but high rockfall activity at the frontal cliff.

Our work confirms that there are problems
with slope instabilities at the area between Joasete,
Furekamben and Ramnosi. While the northern
region between Joasete and Furekamben has poten-
tial for medium-scale gravitational slope failures of
blocks with volumes up to various 100,000 m3, the
area around Ramnanosi will most likely only be
affected by small-volume rockfall events.
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Analyses of past and present rock slope instabilities in a fjord valley: Implications for
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Abstract

For quantitative hazard estimations it is necessarry to define the magnitude-frequency distribution and a temporal model of the
landslide frequency. This is often complicated for large rock slope failures due to the lack of significant numbers of large rock slope
failures in inventories of a given homogeneous region or sparse information about the timing.

An inventory of in total 108 rock slope failure deposits within the fjords of the Storfjord region including a relative rockslide
chronostratigraphy formed the basis for this study. Terrestrial cosmogenic nuclide dating of rockslide failure surfaces validated the
previously obtained relative ages for two fjord deposits. However, a third dated failure surface exposes potential limitations of this
inventory due to conflicting cosmogenic nuclide and relative ages. The temporal distribution of rock slope failures is characterized
by a rapid decrease in number and size of rock slope failures directly after deglaciation followed by a constant frequency from
9,000 years BP for the entire Storfjord region and already from 10,000 years BP for the Tafjord region. The largest volumes have
failed directly after deglaciation and volumes larger than 5 x 10° m® have not been registered within the last 9,000 years.

In addition, 17 ancient rockslide scars and 17 potential rock slope instabilities have been mapped at the northeastern flank of
Tafjord, which is a branch of the Storfjord. Magnitude-frequency relations have been developed for fjord deposits, ancient scars
and potential instabilities, resulting in very similar distributions over the entire volume range. All three inventories are representing
rock slope failures within the same lithology, the same topography and are consequently underlying the same processes that lead
to destabilisation and finally failure. The compilation of the three inventories is independent and based on different methodologies.
The similarity of the magnitude-frequency distributions is thus verifying the different inventories. Hence the obtained magnitude-
frequency relation can be assumed as correct for rock slope failures of the studied magnitudes larger than 0.01 x 10®m? for
the northeastern flank of Tafjord and can thus be used to assess the rockslide hazard for the study area. Present day annual
expectable frequencies for different volume classes have been assessed based on the obtained magnitude-frequency relation of the
fjord deposits. For example, the annual frequency for rock slope failures of V > 1 x 10®m? originating from the northeastern
flank of Tafjord is 1/2,535 based on a lognormal distribution and 1/2,147 for a power-law model. Finally, semi quantitative hazard
estimations have been obtained for potential unstable rock slopes within the Tafjord region based on a qualitative susceptibility
ranking. The resulting annual probabilities are very low and range from 1/10,000 to 1/48,000. However, the uncertainties of the
resulting regional as well as site specific hazard estimates are very high as indicated by large confidence intervals, making the
results partially difficult to use for further risk assessments.

Keywords:
Magnitude-frequency relation, Temporal distribution, Paraglacial rock slope failures, Rockslide, Storfjord region, Tafjord, Norway

1. Introduction

Quantitative hazard estimations for large rock slope instabil-
ities are difficult to obtain due the lack of significant numbers
of large events in inventories of a given homogeneous region.
Magnitude-frequency distributions for past rock slope failures
have been analysed over several orders of magnitudes, but al-
ways with very limited numbers of large events (e.g., Brunetti
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et al., 2009; Dussauge-Peisser et al., 2002; Dussauge et al.,
2003; Guzzetti et al., 2003; Hantz et al., 2003; Hungr et al.,
1999; Malamud, 2004; Santana et al., 2012). This is mainly
due to the fact that historical inventories cover a too short
time period in order to capture low frequency-high magnitude
events adequately. Pre-historic rock slope failures need to be
included to cover the entire volume spectra of potential rock
slope failures. However, for those, information about the tim-
ing is sparse.

Many mountainous regions that have been glaciated during
the last glaciation, are characterized by large-scale post-glacial
rock slope failures (e.g., Ballantyne and Stone, 2013; Korup
etal., 2007). Itis well accepted that rock slope failures decrease
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in number and size with the time elapsed since deglaciation
(e.g., Abele, 1974; Ballantyne, 2002a,b; Cruden and Hu, 1993;
Hermanns and Longva, 2012; McColl, 2012), but the exact tem-
poral pattern has only been constructed for few inventories and
is still debated (e.g., Ballantyne and Stone, 2013; Cruden and
Hu, 1993). However, in order to access the present day land-
slide hazard of a certain region, it is necessary to develop a
temporal model of the landslide frequency and magnitude dis-
tribution, since these vary non-linearly with time.

During the last century Norway has suffered several natural
disasters with large losses of life due to rockslides and related
tsunamis (Furseth, 2006). Those are the cause that special at-
tention is payed to the Aknes rockslide in western Norway (Fig-
ure 1), which is assumed to be the most hazardous rockslide in
Norway at present (Ganergd et al., 2008). The Aknes rock-
slide is a large rockslide with an estimated maximum volume
of 30 — 40 x 10® m?, showing velocities of 3 — 10 cm per year.
Its failure might cause a catastrophic tsunami in the fjord en-
dangering several communities. A large international project
focusing on the investigation, monitoring, and early warning
of the Aknes rockslide and other large unstable rock slopes in
the inner Storfjord region started in 2005 (Blikra, 2008).This
project resulted in a large amount of data as an outcome of nu-
merous site specific investigations (e.g., Ganergd et al., 2008;
Eidsvig et al., 2011; Jaboyedoft et al., 2011; Lacasse, 2008;
Oppikofer et al., 2009). In addition, more regional investiga-
tions considering the entire fjord system have been undertaken
within the Aknes/Tafjord project. These comprise systematic
studies of post-glacial rock slope failures including their de-
posits on the fjord bottom (Longva et al., 2009) and presently
potential unstable rock slopes (Henderson and Saintot, 2011;
Saintot et al., 2011). Oppikofer (2009) analysed ancient rock-
slide scars and potential instabilities in detail for a smaller part
of the study area, namely the northeastern flank of Tafjord be-
tween the villages Fjgra and Tafjord (Figure 2).

These regional investigations resulted in a unique dataset
with three independent types of inventories for the Tafjord in-
cluding fjord deposits, ancient rockslide scars and potential in-
stabilities. The fjord deposits cover the entire post-glacial pe-
riod and yield thus a complete inventory of post-glacial rock
slope failures within the entire fjord system including informa-
tion on relative ages and volumes. Analysed ancient scars are
the equivalents of the fjord deposits on the slopes, whereas the
detection and the volume calculations depend on completely
different methods. Both, fjord deposits and scars are repre-
senting and characterizing the past rock slope failure activity,
whereas the scars are missing temporal information. The po-
tential instabilities instead are representing the future thread and
are aimed to be quantified with respect to potential hazard. De-
tailed analysis of the temporal distribution of the fjord deposits
allows developing a model for expectable present rock slope
failure frequency. Magnitude-frequency relations of the three
inventories can be analysed and a possible link between them
may help to characterize and quantify hazard within the Tafjord
region.

Furthermore, terrestrial cosmogenic nuclide (TCN) dating
was used in order to validate the relative ages of three fjord de-
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Figure 2: Map of the Tafjord region showing all three inventories for the north-
eastern flank of Tafjord. Line A-B marks the seismic profile illustrated in Fig-
ure 3. Fjord deposits are adapted from Longva et al. (2009) and rockslide scars
as well as potential instabilities from Oppikofer (2009).

posits. Since the ages of the fjord deposits are only relative ages
and principally based on seismostratigraphy, there was a de-
mand for double-checking those with absolute dates. For this,
three failure surfaces, which are supposed to form the source
zone for the corresponding deposits on the fjord bottom, were
dated with TCN. Hermanns et al. (2009) confirmed the age of
one mapped fjord deposit at the end of Tafjord by dating the
equivalent rock avalanche deposits on land with TCN. Failure
surfaces of pre-historic failures have been previously dated by
Hermanns et al. (2004) and Ivy-Ochs et al. (2009), demonstrat-
ing the applicability of this method.

2. Study area and inventories

2.1. Regional setting of the study area

The study area is located in western Norway within the inner
Storfjord region, comprising Sunnylvs Fjord, Geiranger Fjord,
Norddals Fjord, Tafjord and the southern part of Storfjord (Fig-
ure 1).

Historical data and geological studies display a high concen-
tration of both post-glacial gravitational slope failures and po-
tential instabilities in the Norwegian county of Mgre & Roms-
dal (Blikra et al., 2006; Henderson and Saintot, 2011; Saintot
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Figure 3: Example of a seismic reflection profile with interpreted deposits from
Tafjord. See Figure 2 for profile location.

et al., 2011). Several catastrophic failures causing tsunamis in
the inner fjord areas of western Norway resulted in large loss of
life in the last century (Furseth, 2006).

The bedrock mainly consisting of granodioritic-dioritic
gneisses of the Precambrian basement overlain by augen gneiss
and minor mica schist of the Caledonian thrust sheets in the
eastern part. The rocks of the study area have undergone intense
reworking by a general NW-SE oriented crustal shortening dur-
ing the Caledonian Orogeny (Roberts and Gee, 1985). In addi-
tion, a significant amount of brittle tectonic events affected the
bedrock of the study area, like the Permo-Triassic and Jurassic
rifting phases. This tectonic history resulted in a high density
of ductile, semi-ductile and brittle structures within the study
area.

The topography is strongly influenced by the Quaternary
glaciations. Long U-shaped valleys and deep fjords with steep
slopes are dominating landforms. This steep terrain in com-
bination with heavily fractured exposed bedrock indicates that
this area is susceptible to rock slope failures. A clear structural
control of rock slope failures as well as unstable rock slopes
is visible in the field (Henderson and Saintot, 2011; Oppikofer,
2009; Oppikofer et al., 2011; Saintot et al., 2011). Deglaciation
has in addition resulted in a sudden unloading of the glacially
steepened slopes. This, in addition to post-glacial tectonic ac-
tivity, including isostatic rebound and large magnitude earth-
quakes (Bge et al., 2004; Fjeldskaar et al., 2000; Olesen et al.,
2004), may have contributed to the high concentration of rock
slope failures in the study area.

Deglaciation took place in the period 13,000 to 11,000 cal-
ibrated '*C years BP (Aarseth et al., 1997; Fareth, 1987;
Larsen et al., 1991). However, the innermost fjords where
not completely ice-free, when the glaciers re-advanced during
the Younger Dryas at 11,000-10,000 calibrated '“C years BP
(Aarseth et al., 1997). The retreat from the Younger Dryas was
rapid and the fjords were probably ice-free around 10,000 cali-
brated 'C years BP (Longva et al., 2009).

2.2. Rockslide deposits on the fjord bottom

Longva et al. (2009) mapped rockslide and rock avalanche
deposits in the inner parts of Storfjord and its tributary fjords
based on a complete swath bathymetry and high-resolution
reflection-seismic profiles (Figure 1, Figure 3). The inventory

contains a total of 108 rockslide and rock avalanche deposits
including the surficial area and volume estimations for each de-
posit. A relative slide chronostratigraphy has been established
based on seismostratigraphic position, one dated core in Tafjord
(Bge et al., 2004), regional deglaciation history and freshness
of surface morphology (Longva et al., 2009). Deposit ages are
given in calibrated '#C years BP throughout this publication.

2.2.1. Limitations

Relative ages are just given as age classes with a variable
width, ranging from 1,000 to 4,000 years. This leaves a large
uncertainty about the actual age of each deposit, especially for
classes with a large width. Volume calculations are rough es-
timations based on surficial area, average thickness of the de-
posits extracted from the seismic lines and expert judgement.
The smallest registered fjord deposit is 20,000 m* and may thus
be seen as the smallest detectable size. However, this detec-
tion limit is most likely also a function of the age of the de-
posits. Larger failures leave larger traces, which will be visible
over a longer time period. Smaller events might only be de-
tected from the last few thousand years and the observation pe-
riod will therefore be shorter, leading to undersampling small
deposits for older time periods. In addition, small deposits
may not be detectable, when they are covered with consider-
able larger ones. Deposits in the inner fjords, namely Tafjord
and Geiranger Fjord, are assumed to have been removed dur-
ing glacial re-advance. Hence the inventory can only be as-
sumed to be complete for deposits younger than the maximum
re-advance stage at 10,500 years BP (Fareth, 1987). In many
cases it is difficult to distinguish between rockfall and smaller
rockslide deposits. Furthermore, several small single deposits
may be registered as one large or one large as several small, the
latter being however less likely.

2.3. Rockslide scars in the Tafjord region

Oppikofer (2009) identified 17 scars of ancient rockslides at
the northeastern flank of Tafjord from field observations and
analysed them with the help of a high-resolution digital eleva-
tion model (HR-DEM) and aerial photographs (Figure 2). The
ante-rockslide topography has been reconstructed in 3D based
on the continuity of the present topography besides the scar us-
ing the PolyWorks software (InnovMetric, 2011). A detailed
description of the method can be found in Oppikofer (2009).
Volumes of ancient rockslides have been determined by calcu-
lating the difference in between the ante-rockslide and present
topography. Based on morphologic observations some scars
have been divided into several smaller rockslide scars as a con-
sequence of multiple rock slope failures.

2.3.1. Limitations

In many cases it is uncertain whether an identified scar re-
sulted from a single or several events. One particular scar area
may have been the source for multiple rock slope failures (Her-
manns et al., 2006). Subsequent failures may remove scars from
previous failures, which are then not any longer observable.



The smallest detected ancient rockslide has an estimated vol-
ume of 29,000 m°, but the inventory can be assumed to be com-
plete for ancient rockslides larger than 50,000 m>. In addition,
there exists an uncertainty in the constructed ante-rockslide to-
pography. This has been tried to eliminate by testing differ-
ent methods for the reconstruction (Oppikofer, 2009). Further-
more, it is not completely certain if all scars are post-glacial.

2.4. Potential instabilities in the Tafjord region

Oppikofer (2009) identified 17 potential rock slope instabil-
ities at the northeastern flank of Tafjord by field surveys and
analysis of the HR-DEM as well as aerial photographs (Figure
2). Bounding structures were determined by fitting planes to
the morphological limits of the instability on the airborne laser
scanning point cloud using the PolyWorks software (InnovMet-
ric, 2011). A detailed description of the method can be found
in Oppikofer (2009). Volume calculations were then possible
based on these limits. Different scenarios have been defined for
some potential instabilities. This made it necessary to use two
different datasets for the following analyses, one containing the
largest scenarios and one the smallest, in order to illustrate the
possible range of volumes.

2.4.1. Limitations

The smallest registered potential instability is 43,000 m?>,
since potential instabilities < 10,000 m* have not been consid-
ered. Especially for larger instabilities the lower limits are very
uncertain and volume estimations might be imprecise. Further-
more, it cannot be assured whether each instability may fail as
a single event or several smaller events.

2.5. Potential instabilities in the Storfjord region

Henderson et al. (2006), Henderson and Saintot (2011) and
Saintot et al. (2011) identified 36 potential unstable rock slopes
in the Storfjord region by systematic aerial photograph analyses
and field surveys (Figure 1). Investigations on these sites in-
clude geomorphological, engineering geological and structural
field mapping as well as periodic monitoring on 8 potential un-
stable rock slopes using differential Global Navigation Satellite
Systems and terrestrial laser scanning. As for the instabilities
in Tafjord, different scenarios have been defined for some po-
tential instabilities mainly based on geomorphological observa-
tions. Volumes of each unstable rock slope were assessed by
Oppikofer et al. (submitted) with the sloping local base level
technique (Derron et al., 2005; Jaboyedoff and Derron, 2005).
Oppikofer et al. (submitted) defined relative susceptibilities for
all potential instabilities in the Storfjord region using the hazard
and risk classification system for unstable rock slopes in Nor-
way (Hermanns et al., 2013). The susceptibility ranking is ob-
tained by considering a series of geomorphological, engineer-
ing geological and structural criteria, as well as signs of activity.
The outcome of the classification system is a score ranging from
0 (very low susceptibility) to 12 (very high susceptibility). Un-
certainties on the susceptibility score can be evaluated owing to
the use of probabilities for each of the criteria (Hermanns et al.,
2013).

2.5.1. Limitations

Volumes are rough estimations based on the aerial surface
of the unstable rock slope and an assumed basal failure surface.
This lower limits are in most cases very uncertain, since no data
in depth exist. Furthermore, even if a few different scenarios
have been defined for some sites, several sites may fail in even
more and smaller events, than the defined scenarios which are
visible on the present topography.

3. Methods

3.1. Terrestrial cosmogenic nuclide dating

It was aimed to sample failure surfaces of different ages and
at least one failure surface within each tributary fjord arm, ex-
cept Tafjord (Figure 1). Deposit ages within Tafjord are as-
sumed to be well constrained due to a dated sediment core (Bge
et al., 2004) and a dated rock avalanche on land (Hermanns
et al., 2009). In total three failure surfaces above definite fjord
deposits, that showed a good preservation of the failure surface
and that were accessible for sampling have been selected (Fig-
ure 4). In total 9 samples were collected, three for each fail-
ure surface. The samples were collected following the guide-
lines recommended by Gosse and Phillips (2001), recording the
rationale for sample selection, description of sampled failure
surface, geologic description of sample, location, orientation,
sample thickness, and shielding geometry. The samples were
prepared and concentrated at the Dalhousie University Cosmo-
genic Nuclide Exposure Dating Facility in Halifax, Canada. To-
tal Be and '°Be were determined at the PRIME accelerator mass
spectrometry facility at Purdue University in Indiana, USA. The
derived ages were calculated using the program CRONUS '°Be
exposure age calculator (Balco et al., 2008) and therefore were
calculated using global production rates and scaling models by
Lal (1991) and Stone (2000). A more comprehensive review of
TCN dating is provided by Gosse and Phillips (2001).

3.2. Temporal analysis of fjord deposits

The temporal distribution of number and volumes of the fjord
deposits has been analysed graphically in order to define the
expectable present day frequency and magnitude of rock slope
failures in the study area. Ballantyne (2002a) defined a "geo-
logical norm" by analysing the paraglacial landscape response.
Different models about how the frequency of rock slope failures
may change following deglaciation have been proposed in lit-
erature, namely exhaustion, steady state decline, rapid response
and constant frequency model (Ballantyne, 2002a,b; Ballantyne
and Stone, 2013; Cruden and Hu, 1993). In contrast to this,
Blikra et al. (2006) argue, based on 15 radiocarbon dated or in-
directly dated rock avalanche deposits, that rock slope failures
are spread over the entire post-glacial period, with higher fre-
quencies during the more recent half of the Holocene in western
Norway. In order to rule out different frequency models and to
assess the hazard for large rock slope failures within the Stor-
fjord and Tafjord region a frequency, which is relevant for the
present situation has to be determined.



Figure 4: Sampled failure surfaces in the Storfjord region. a) Failure surface and sample loacations at Nokkenibba, b) failure surface and sample loacations at
Blahornet and c) failure surface and sample loacations at Nakkeneset. Ages are given in years BP with 20~ uncertainty levels.

3.3. Volume-frequency analyses

Magnitude-frequency relations of rock slope failures have
been studied by several authors (e.g., Brunetti et al., 2009;
Dussauge-Peisser et al., 2002; Dussauge et al., 2003; Guzzetti
et al., 2003; Hantz et al., 2003; Hungr et al., 1999; Malamud,
2004; Santana et al., 2012). A simple inverse power-law model
is most frequently fitted to the magnitude-cumulated frequency
distribution of rock slope failures with a typical exponent b
in the range of 0.4 to 0.7 (see Santana et al., 2012, for an
overview):

F(V>x) =ax? (1)

where f(V > x) is the cumulated frequency of rockslides
exceeding a given volume x and a is a constant.

However, in most of these studies, the power-law fits only
the tails of the magnitude-frequency distributions above dif-
ferent volume thresholds. Especially in magnitude-frequency
analyses of landslides in general, a roll-over effect with positive
power-law exponents for small volumes has been observed. In
order to fit the entire range of landslide magnitudes, Stark and
Hovius (2001) propose a double Pareto distribution and Mala-
mud (2004) an inverse Gamma distribution. Other distributions
as for example Lognormal (e.g., ten Brink et al., 2009; Chay-
tor et al., 2009; Haas et al., 2012) and Weibull distributions
(e.g., Crosta, 2007) have been applied to describe magnitude-
frequency relations.

Volume-frequency relations have been analysed for all three
different datasets from Tafjord. In order to be able to compare
the different datasets, cumulative frequencies have been nor-
malized by the number of events in each inventory. Since a vol-
ume increase of 25% can be expected for the deposits with re-
spect to the unstable rock mass on the slope (Hungr and Evans,
2004), the volumes of the fjord deposits have been reduced by
20% for the magnitude-frequency analysis, in order to obtain
comparable volumes to the ancient scars and potential instabil-
ities. Ancient rockslide scars and fjord deposits are expected to
show a similar volume-frequency distribution, since they repre-
sent the same rock slope failures. However, since not necessar-
ily the same volumes are measured, there may be differences in
the volume-frequency distributions.

4. Results and discussion

4.1. Terrestrial cosmogenic nuclide dating

Results from TCN dating are presented in Table 1. The aver-
age ages for the two failure surfaces within Geiranger Fjord,
7,061 + 1,762 years for Nokkenibba (San-02 and 03) and
7,549+2,096 years for Nakkeneset (Nak-01, 02 and 03), corre-
spond well with the previously determined age intervals of the
fjord deposit that suggest ages of 8,000-9,000 and 5,000-8,000
years BP, respectively. Sample San-04, that was also sampled



Table 1: Ages obtained by '°Be cosmogenic nuclide dating from samples of failure surfaces within the Storfjord area. Sample height is measured by altimeter with
1m resolution. Sample locations are shown in Figure 1 and sampled surfaces are displayed in Figure 4. Average ages are calculated as a weighted mean based
on uncertainties. Sample San-04 is not considered for the average since it is interpreted to belong to a different sliding surface (Section 4.1). Relative ages of
corresponding fjord deposits are based on Longva et al. (2009). Nak - Nakkeneset, San - Nokkenibba, Bla - Bldhornet.

Nak-0l  Nak-02 Nak-03 San-02 San-03 San-04  Bla-0l  Bla02  Bla-03
Sample height [m] 633 624 607 455 448 434 919 917 890
Age [yr] 6701 10453 6682 6849 7277 1736 2,750 2,006 1.938
20 uncertainty [yr] 1,854 2,968 1,666 1,732 1,792 520 718 492 474
Average age [yr] Nak: 7,549 + 2,096 San: 7,061 + 1,762 Bla: 2,167 + 552
Rfﬁi,“rﬁvieiiii?f 5000 5000 5000 8000 8000 8000 11,000 11,000 11,000
-8000 -8000 -8000 -9,000 -9,000 -9000 -12500 -12,500 - 12,500

[cal. “C yr]

at the assumed failure surface for the corresponding fjord de-
posit, exhibits a much younger age. However, a detailed mor-
phological analysis of the HR-DEM indicates that this sampling
location may belong to a different failure surface than San-02
and San-03 (Figure 4). The fjord deposit inventory may thus be
incomplete not only for old, small rock slope failures, but also
for relatively young, small ones. The sampled failure surface
within Sunnylvs Fjord below the mountain Bldhornet yields an
average age of 2, 167 + 552 years. This is contradictory to the
age of the fjord deposit of 11,000-12,500 years BP. The age
of this fjord deposit is relatively good constrained due to the
vicinity of a terminal moraine. A younger, smaller slide may
have occurred on the sampled surface. A minimum volume of
9,000m> can be assumed based on a morphological coherent
surface including the sampled points and a minimum thickness
of 1.5m. At a depth of 1.5m the production rate of '°Be is
only 1/8 and has thus a limited influence on the obtained age.
This minimum volume is far below the detectable deposit size.
In addition, a relative small deposit on top of the large old one
is not detectable due to the morphological prominence of the
larger deposit.

4.2. Temporal analysis of fjord deposits

Figure 5 displays how the frequency of rock slope failures
varied since the last deglaciation. There are few registered fjord
deposits for the time period 11,000-12,5000 years BP (Figure
5a) and the complete lack of deposits for this time period in the
Tafjord (Figure 5b), due to the assumption that all deposits in
the innermost fjords are younger than the glacial re-advance
during the Younger Dryas. Tafjord is one of the innermost
fjords where the fjord deposits are assumed to have been re-
moved during glacial re-advance. A large frequency directly
after deglaciation can be observed, continued by smaller fre-
quencies. The different temporal models mentioned in section
3.2 were tested by fitting curves to the cumulated number of
slope failures (from youngest to oldest) over time, where the ex-
ponential curve represents the exhaustion model, the quadratic
curve the steady state decline model and the linear curve the
constant frequency model (Figure Sc and d). The linear curve
is just fitted to data points younger than 9,000 years BP and
thus excluding data points representing the rapid response di-
rectly after deglaciation. For Tafjord the rapid response may be

shorter, only until 10,000 years BP (Figure 5b). However, due
to the large age intervals and a small number of data points, it
is difficult to obtain a robust model. All models give similar
quality with R2-values between 0.89 and 0.95. A steady state
decline model, however, yields the best fit for both the entire
study area and the Tafjord subset. All models, particularly the
exhaustion model, overestimate the number of events for the
youngest time period 0-1,000 years BP, which is most likely
the most representative for the present situation. The exhaus-
tion model can be excluded, since the principle assumption for
this model, that each slope raptures only once (Cruden and Hu,
1993), is violated. Multiple rock slope failures have occurred
at several localities in Norway also in Tafjord (Hermanns et al.,
2006). Finally, a constant frequency model following a rapid
response as suggested by Ballantyne and Stone (2013) has been
implemented in this study, in order to have a sufficient num-
ber of fjord deposits to be able to define magnitude-frequency
relations. This model is also in agreement with the volume dis-
tribution presented in the next paragraph. The constant yearly
frequencies of 0.0063 + 0.0013 for the entire Storfjord region
and 0.0011 + 0.0002 for the northeastern flank of Tafjord form
the geological norm.

Plotting the distribution of failed volumes for each time pe-
riod presents, as expected, the largest total failed volumes di-
rectly after deglaciation (Figure 6a and b). From 9,000 years BP
a geological norm can be assumed for the entire study area and
already from 10,000 years BP for the Tafjord region. The geo-
logical norm gives a total failed volume of 4.4+0.5x 10% m® per
millennia for the entire Storfjord region and 1.9 + 0.2 x 10® m?
per millennia for the northeastern flank of Tafjord, represent-
ing the presently expectable total failure volumes per millen-
nia. It has to be emphasized that no single rock slope failure
> 5 x 10°m?> has been registered during the last 10,000 years
in the entire studied fjord system. The denudation rate due to
rock slope failures from the northeastern flank of Tafjord for the
last 10,000 years BP is 0.07 mm/y, compared to 0.94 mm/y for
the time period directly after deglaciation (Figure 6b). The first
value is comparable with the rockwall retreat rates of 0.04 to
0.11 determined by Laute and Beylich (2012) for the time after
the Little Ice Age in the Erdalen and Bgdalen valleys in western
Norway.

Plotting the magnitude-frequency distribution for the geolog-
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Figure 7: Comparison of volume-frequency distributions of (a) ancient rock-
slide scars and fjord deposits and (b) potential instabilities and fjord deposits
younger than 10,000 years. Fitted lognormal distributions are displayed with
dashed lines and power-law models with dotted lines. Power-law tails are fitted
toV > 03x10°m?3. a) Both distributions are almost identical, with slopes
increasing continuously towards larger volumes. 100 simulations with seg-
mented volumes of the ancient rockslide scars into 1-4 parts are displayed in
pink. b) The distribution of potential instabilities differ from the distribution of
fjord deposits younger than 10,000 years BP for volumes > 0.2 x 10m3. 100
simulations with segmented volumes of the largest scenarios of the potential
instabilities into 1-4 parts are displayed in yellow. The smallest scenarios plot
within the limits of these simulations.

ical norm and rapid response separately indicates a shift of the
latter towards larger volumes (Figure 6¢ and d). This may con-
firm the general decrease of failure magnitude after the rapid re-
sponse following deglaciation. However, this effect could partly
also be explained by undersampling of small events for the old-
est time periods.

4.3. Volume-frequency analyses

All three datasets of the Tafjord region present similar
volume-frequency relations with similar slopes increasing to-
wards larger volumes on a log-log plot (Figure 7). This con-
tinuously increasing slope is, however, contradictory to usually
fitted power-law models and may instead be closer to a lognor-
mal distribution.

Kolmogorov-Smirnov tests indicate that all three datasets are

consistent with a lognormal distribution (Table 2). In addition,
power-law models have been fitted for volumes > 0.3 x 10® m?
(Table 2). However, it is not definite where to set the lower
bound of the power law. The resulting power-law exponents
range from 0.4 to 1.1. Power law exponents for Tafjord deposits
and ancient scars are within the range of reported values of 0.4
to 0.7 (Santana et al., 2012), but the exponents for the potential
instabilities, especially the smallest scenarios, are larger.

As described in Section 2.3.1 registered single scars may
have been the source for several smaller rock slope failures.
Equally, it cannot be assured whether a potential instability will
fail in one single or several smaller events (Section 2.4.1). In
order to test this, 100 new datasets were produced by segment-
ing the registered volumes of ancient rockslides and the largest
scenarios of the potential instabilities randomly into 1 to 4 parts.
The resulting magnitude-frequency plots display that the orig-
inal dataset represents an upper limit with all simulations plot-
ting below (Figure 7). The smallest scenarios of the potential
instabilities plot within the limits of this simulation (Figure 7b).

The magnitude-frequency distribution of ancient scars and
fjord deposits are almost identical (Figure 7a). However, the
magnitude-frequency distributions of potential instabilities dif-
fer from the distribution of fjord deposits younger than 10,000
years BP for volumes > 0.2 x 10® m? (Figure 7b; Table 2).

Difterent factors that may influence the power-law exponent
have been discussed, proposing mechanical properties of the
rock mass (Dussauge et al., 2003), degree of fracturing of the
rock mass (Hungr et al., 1999; Katz et al., 2011) and topography
(Dussauge et al., 2003; Frattini and Crosta, 2013) as possible
influencing factors. However, the geomechanical, geomorpho-
logical and geographic setting are the same for all three inven-
tories in Tafjord and the underlying processes can be assumed
identical. Thus, consistency in the distributions may serve as a
measure of correctness of the proportions of different volumes
within each inventory. Based on the equal distributions of an-
cient scars and fjord deposits, those two datasets can thus be
assumed as correct.

4.4. Implications for hazard

Frequencies of past failures can be used to assess the haz-
ard for a certain region for certain volume classes given that
the inventory is complete (Guthrie and Evans, 2005) and un-
der the assumption that the environmental factors that caused
past rockslides remain constant in future. The comparison of
the volume-frequency distributions of ancient scars and fjord
deposits has been used to verify the fjord deposit inventory.
This allows using the fjord deposits to infer on the future hazard
that is posed by potential instabilities in the study area. Conse-
quently, the frequency per time period for a certain volume class
has been assessed based on the frequency of fjord deposits that
are younger than 10,000 years BP for the northeastern flank of
Tafjord (Table 3):

FV2xT)=f(V=x)x f(T) @

where f(V > x) is the normalized cumulative frequency
of landslide size, obtained from the magnitude-frequency re-
lation and f(T') is the frequency of landslide occurrence for



Table 2: Summary of coefficients (with 95% confidence bounds) for fitted lognormal distributions and power-law tails for fjord deposits, ancient scars and potential
instabilities within the Tafjord region (Figure 7). Kolmogorov-Smirnov (KS) test statistics indicate the acceptance of the lognormal distribution at a significance

level of 5%. Power-law tails have been fitted for volumes > 0.3 x 10°m>.

Tafjord deposits

(80% of volume) Ancient scars

Tafjord deposits
<10,000 years BP
(80% of volume)

Potential instabilities Potential instabilities
(smallest scenarios) (largest scenarios)

Lognormal distribution: f(V > x)=1-
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4 -0.18(-127,091) 0.07(-0.84,0.98) -0.65(-1.87,0.56)
1.81 (1.26,3.17)
0.87

1.89 (1.37, 3.04)
0.70

1.94 (1.48,2.84)
1.00

-1.35 (-1.94, -0.76)
1.15 (0.85, 1.75)
0.93

-1.18 (-1.87, -0.49)
1.38 (1.04, 2.07)
0.93

Power-law tails for V > 0.3 x 10°m3: f(V > x) = ax™®

a  052(046,0.58) 0.51(0.48,0.55)

0.42 (036, 0.48)

0.15 (0.11, 0.20) 0.24 (020, 0.29)

b 0.48(034,062) 042(0.34,049) 057(0.39,0.76)  1.09(0.61,1.57) 0.8 (049, 1.12)
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with increasing volumes, reaching very large interval sizes for % ’ ° :,?:’n%g\ll?rlggsi)lities (smallest scenarios) \\
the largest volumes especially for the calculations based on a = Potential instabilities (largest scenarios) \

lognormal distribution.

It is evident that the resulting hazard estimates are only valid
within the Tafjord region. However, the question arises, if the
fjord deposit inventory also can be assumed as correct for the
entire Storfjord region, since the same technique has been used
over the entire fjord system. Assuming that the entire fjord de-
posit inventory is complete, it is possible to estimate the hazard
per time period for a certain volume class based on the fre-
quency of fjord deposits that are younger than 9,000 years BP
for the entire Storfjord region (Table 3, Figure 8). The resulting
annual frequency for an event > 1 x 10®m? in the entire Stor-
fjord region is 7.92 x 10~ based on a lognormal distribution
and 9.99 x 107 for a power-law model, corresponding to a re-
currence rate of 1,263 and 1,001 years respectively (see Table 3
for 95% confidence bounds of annual frequency and recurrence
rate). As for the Tafjord region, the 95% confidence intervals
are very large, especially for large volumes. However, owing
to the larger sample size for the calculations covering entire
Storfjord, the uncertainties are significantly lower than those
for Tafjord. An even larger sample size would be necessarry in
order to further decrease the uncertainties in the results. This
is, however, not possible for the considered study area, since
the inventory is assumed to be already complete. Thus, the ob-
tained results are displaying the best possible hazard estima-
tions for the Storfjord region.

Volume [10° m?]

Figure 8: Fitted lognormal distribution and power-law model for Storfjord de-
posits younger than 9,000 years BP. In addition, the magnitude-frequency dis-
tributions of instabilities of the entire Storfjord region are displayed. Those
differ significantly from the distribution of the fjord deposits. A segmentation
of the registered volumes for the largest scenarios of the potential instabilities
randomly into 1 to 15 parts (displayed in yellow) is necessary in order to obtain
a distribution that is similar to that of the fjord deposits.

In order to assign hazard values to single potential instabili-
ties further factors have to be considered, since different poten-
tial instabilities with the same size do not necessarily pose the
same hazard, depending on site specific situations. A detailed
study of an inventory of potential instabilities is necessary in
order to estimate each landslides susceptibility S. However,
quantitative methods to define the susceptibility for large slope
failures are lacking in literature. Hantz et al. (2003) propose a
method that is based on grouping of instabilities with respect to
a more or less subjective geomechanical approach resulting in
relative failure probabilities. Those are finally combined with
the expected frequency from the magnitude-frequency analysis
in order to obtain hazard values. In addition, Hermanns et al.
(2013) propose a qualitative hazard classification for Norway.



Table 3: Estimated annual frequencies and recurrence rates (with 95% confidence bounds) for each volume class based on the fitted lognormal distribution and
power-law model with f(T" = 1) = 0.0011 + 0.0002 for the northeastern flank of Tafjord (Figure 7, Table 2) and f(7' = 1) = 0.0063 + 0.0013 for the Storfjord region

(Figure 8).
Lognormal distribution Power-law model
Volume x No. gf ‘ Frequem‘:y fr/:::::iy Recgrrence‘ Frequency Annual frec.|uency Recgn’ence‘
deposits f(V=x) Vs rate in years f(V=1x fV=x1 rate in years
Tafjord
0.01 11 0.986 (0.806, 1.000)  1.08(0.73,1.30) x 103 922 (1,378, 769) - - -
0.1 9 0.819 (0.555, 0.988) 9.01(4.99, 12.85) x 10~ 1,110 (2,004, 778) - - -
0.3 8 0.620 (0.299, 0.919)  6.82(2.7,11.94) x 107* 1,467 (3,710, 837) 0.845 (0.583, 1.202)  9.30(5.25, 15.62) x 10* 1,075 (1,905, 640)
1 5 0.359 (0.069, 0.671)  3.94(0.63,8.73) x 10~* 2,535 (15,996, 1,146)  0.423 (0.364,0.483)  4.66(3.28,6.28) x 107* 2,147 (3,052, 1,593)
3 3 0.166 (0.009, 0.432)  1.82(0.08,5.62) x 10~ 5,480 (118,452, 1,779)  0.225(0.158,0.314) 2.48(1.43,4.08) x 107* 4,035 (7,012, 2,449)
10 0 0.051 (0.000, 0.291)  5.59(0.04,37.85)x 10~ 17,895 (2,332,962, 2,642) 0.113 (0.064, 0.196) 1.24(0.57,2.55) x 10™* 8,057 (17,452, 3,923)
Storfjord
0.01 57 0.978 (0.924,0.997)  6.20(4.65,7.61) x 1073 161 (215, 131) - - -
0.1 40 0.668 (0.555,0.797)  4.23(2.79,6.08) x 1073 236 (358, 164) - -
0.3 24 0.374 (0.244, 0.482)  2.37(1.23,3.68) x 1073 422 (816, 272) 0.395 (0.328, 0.475)  2.50(1.65,3.63) x 1073 399 (606, 276)
1 11 0.125 (0.047, 0.235)  7.92(2.36,17.96) x 10~* 1,263 (4,245, 557) 0.158 (0.146,0.170)  9.99(7.36,12.94) x 10 1,001 (1,359, 773)
3 5 0.028 (0.005, 0.090)  1.79(0.25,6.90) x 10~* 5,584 (39,388, 1,448)  0.068 (0.057,0.081) 4.32(2.87,6.20) x 107* 2,314 (3,479, 1,614)
10 0 0.003 (0.000, 0.022) 1.96(0.10, 16.80) x 10~ 50,751 (1,050,483, 5,951) 0.027 (0.020, 0.036) 1.72(1.03,2.76) x 10~* 5,798 (9,748, 3,618)

Hazard within this classification, corresponds here to suscepti-
bility. This classification focuses on two types of criteria: 1)
unfavorable geological and structural conditions and 2) slope
activity and observed deformation. Oppikofer et al. (submitted)
implemented this qualitative susceptibility classification for the
potential unstable rock slopes in the entire Storfjord region. The
obtained rankings r; have been used to obtain absolute suscepti-
bilities S; for each potential instability within a certain volume
class:

Ti

Si= 3

iyt
where n is the number of potential instabilities within the
considered volume class x; < V < x,. Under the assumption
that the inventory of instabilities is correct, semi-quantitative
annual hazard estimations H; for each potential instability at the
northeastern flank of Tafjord have finally been obtained with the
following equation:
Hi=f(x; <V<x,1)XS; 4)
The resulting annual probabilities are very low and range
from 1/10,000 to 1/48,000 (Table 4). As expected, the two
continously monitored instabilities at Hegguraksla obtain the
largest probabilities of 1/10,687 and 1/10,906. However, as for
the hazard estimates for the entire Tafjord, the 95% confidence
intervals for the annual probabilities are very large (Table 4)
and question thus the applicability of these values for hazard
assessment. In addition, as presented in Section 4.3 and Figure
7b, instabilities and fjord deposits show slightly different distri-
butions for volumes > 0.2 x 10° m® and power law exponents
for the smallest scenarios of the instabilities are significantly
larger than reported values. This may indicate an incorrect in-
ventory of unstable rock slopes and resulting hazard values may

be influenced by this. These latter problems, are however only
of minor importance considering the large confidence intervals.

The magnitude-frequency distribution of the potential insta-
bilities of the entire Storfjord region differs significantly from
the distribution of the fjord deposits (Figure 8). A segmentation
of the registered volumes for the largest scenarios of the poten-
tial instabilities randomly into 1 to 15 parts is necessary in order
to obtain a distribution that is similar to that of the fjord de-
posits. It can thus be assumed that several of the presently reg-
istered instabilities, may fail in more and smaller events, than
the currently defined scenarios which are visible on the present
topography. A careful re-analysis of the potential instabilities
is necessary before individual semi-quantitative hazard values
for the potential instabilities of the entire Storfjord region can
be defined.

5. Conclusions and perspectives

This study focused on a detailed statistical analysis of the
temporal distribution of rock slope failures within a fjord sys-
tem in western Norway. TCN dating validated the previously
obtained relative ages for two fjord deposits. However, a third
dated failure surface showed conflicting cosmogenic nuclide
and relative ages, indicating a possible incompleteness of the
fjord deposit inventory regarding small rock slope failures, even
for young ages. Small deposits can probably not be separated
when deposited on top of or close to large deposits. The tempo-
ral analysis of the fjord deposits revealed that the largest total
volumes have failed directly after deglaciation and rock slope
failures larger than 5 x 10° m® have not been registered within
the last 9,000 years. Volumes are not decreasing continuously
after deglaciation. The temporal distribution of number of rock
slope failures is characterized by a rapid response directly af-



Table 4: Examples of semi-quantitative annual hazard values for the largest scenarios of potential instabilities along the northeastern flank of Tafjord (with 95%
confidence bounds). The locations of the instabilities are shown in Figure 2. Ranks are adapted from Oppikofer et al. (submitted). Annual frequencies f(x; <V <
x2, 1) based on a lognormal distribution have been used in order to calculate the resulting semi-quantitative hazard for each volume class x; < V < xp.

Potential instability

Relative Semi-quantitative
Map Name [Ygl(,u[:‘}e] Vn[llu Umf,enf;l ; s Rank susceptibility annual hazard
i H;

47 Hammaren 1 0.04 2.98 0.235 1/23,270 (1/405,930, 1/9,355)
49 Geitsteinen 0.05 0.01-0.1 4.40 0.346 1/15,771 (1/275,109, 1/6,340)
44c¢ Grynnvikane 3 0.06 1.46 0.115 1/47,538 (1/829,256, 1/19,112)
43¢ Argldalen 3 0.09 3.85 0.304 1/17,987 (1/313,773, 1/7,231)
H3 Hegguraksla Sgr 0.17 3.21 0.199 1/22,830 (1/80,158, 1/11,505)
46¢ Hegguradalen 3 0.21 0103 3.77 0.234 1/19,425 (1/68,200, 1/9,789)

47b Hammaren 2 0.22 3.29 0.205 1/22,253 (1/78,128, 1/11,213)
48 Peteigen 0.24 3.44 0.214 1/21,308 (1/74,814, 1/10,738)
46b Hegguradalen 2 0.28 2.38 0.148 1/30,764 (1/108,012, 1/15,503)
H2 Hegguraksla Nedre 0.47 5.19 0.326 1/10,689 (1/24,490, 1/9,531)

44b  Grynnvikane 2 scenario A 0.56 031 2.71 0.170 1/20,473 (1/46,908, 1/18,256)
44 Grynnvikane 1 0.66 2.94 0.185 1/18,876 (1/43,249, 1/16,832)
H1 Hegguraksla @vre 0.74 5.08 0.319 1/10,908 (1/24,992, 1/9,727)

46 Hegguradalen 1 1.79 3.44 0.224 1/21,046 (1/82,491, 1/10,194)
45 Langhammaren scenario A 2.01 13 3.98 0.260 1/18,181 (1/71,262, 1/8,806)

43 Argldalen 1 2.14 4.46 0.291 1/16,227 (1/63,603, 1/7,860)

43b Argldalen 2 scenario A 2.33 3.46 0.226 1/20,919 (1/81,994, 1/10,133)

ter deglaciation followed by a constant frequency. The num-
ber of rock slope failures and the failed volumes can be as-
sumed as constant since 9,000 years with an annual frequency
of 0.0063 + 0.0013 for the entire Storfjord region and since
10,000 years with an annual frequency of 0.0011 + 0.0002 for
the northeastern flank of Tafjord, reflecting the geological norm
within these regions. However, the observed volume-frequency
distributions are most likely influenced by undersampling of
small deposits for the time periods close to deglaciation due
to erosion or overlying younger deposits.

Magnitude-frequency relations of three independent invento-
ries of rock slope failures from the northeastern flank of Tafjord
have been evaluated. All three inventories are representing rock
slope failures or instabilities within the same lithology, the same
topography and consequently underlying the same processes
that lead to destabilisation and eventually failure. Even if all
three inventories have large uncertainties, they reveal all simi-
lar magnitude-frequency relations, which validates the different
inventories. Hence the obtained magnitude-frequency relation
can be assumed as correct for rock slope processes of the stud-
ied magnitudes larger than 0.01 x 10° m? for the Tafjord region.
Since the same technique has been used to register fjord de-
posits in the entire fjord system, also the magnitude-frequency
relation for the fjord deposits of the entire Storfjord region is
assumed to be correct.

The unique combination of three different inventories al-
lowed quantifying the rockslide hazard within the Tafjord and
the Storfjord regions. Annual expectable frequencies for cer-
tain volume classes have been assessed based on magnitude-

frequency analyses of the geological norm. This results in
an annual frequency of 1/2,535 based on lognormal distribu-
tion and 1/2,147 for a power-law model for failures of V >
1 x 10 m? from the northeastern flank of Tafjord. The resulting
annual frequency for failures of V > 1 x 10°m? in the entire
Storfjord region is 1/1,263 based on a lognormal distribution
and 1/1,001 for a power-law model. Finally, a semi-quantitative
hazard estimation can be obtained for all potential instabilities
on the northeastern flank above the Tafjord. The annual fail-
ure probabilities for the individual instabilities are very low and
vary from 1/10,000 to 1/48,000. Failure probabilities for all
potential instabilities within the Storfjord region can first be
assessed after a re-analysis of the probable scenarios for each
instability. However, the uncertainties of the resulting regional
as well as local hazard estimates are very high as indicated by
large confidence intervals, making the results partly difficult to
use for further risk assessments.

This study presents a potential method to quantitatively as-
sess hazard values for large rock slope instabilities in a limited
region in western Norway. The assigned semi-quantitative haz-
ard values for each potential instability may form the input for
quantitative risk assessments and help on decisions regarding
land-use planning or building applications. Future studies need
to focus on how to include the uncertainties of the susceptibility
into the final hazard values. This is a rather complex step, which
can only be solved by including simulations of several combi-
nations of input factors for the susceptibility values. Further-
more, it needs to be investigated in how far the results can be
transferred to other regions in Norway, but also worldwide. Re-



gions with a similar geology, a similar glacial history and a sim-
ilar topography should show similar magnitude-frequency rela-
tions. The temporal distribution of rock slope failures follow-
ing a deglaciation, could be investigated in this study, and the
results are valuable for other deglaciated regions in the world,
but a larger dataset with absolute dates would be necessary in
order to be able to define an exact temporal model.
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