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Abstract

Landslides are classified as one of the world’s most dangerous natural hazards
due to the potential threat to infrastructure, society and property. Present-
day studies in Switzerland show that landslides can be detected at distances
up to tens of km by seismometers originally installed for earthquake monit-
oring. It has also been shown that various types of landslides leave a specific
seismic signature and that seismic data therefore can be used to detect and
characterise landslides.

This project investigates if the occurrence of past landslide and snow ava-
lanche (mass movements) events on mainland Norway and Svalbard have
been registered at permanent seismic stations, and then tries to identify and
characterise the signals left by a specific mass movement type.

Mass movements in Norway have been gathered in a database since 900 AD.
The database is managed by the Norwegian Water Resources and Energy
Directorate (NVE) and contains thousands of events. Four landslide types
(clay, debris, rock and snow) including a total of 116 events were chosen to
undergo further investigation, based on knowledge that there are many oc-
currences of such events in Norway. The seismic database is large as Norway
has had a significant number of seismic stations since late 1960s. Seismic
data from NNSN and NORSAR are used in the project.

This project is performed using the earthquake analysis software SEISAN
developed by researchers at the University of Bergen. Also GIS is used for
presenting and analysing mass movement data. By extracting waveform data
from the seismological stations located in Norway, with events from the mass
movement database, we investigate if the mass movements leave a specific
signature on the seismograms.

We show that the permanent seismic network in Norway do record seismic
signals induced by landslides, but we did not observe any snow avalanches.
The landslide-induced signals have a typical shape, in form of an emergent
onset and slowly fading offset. Information about the landslide’s time of
occurrence, location and distance to the seismic station are important para-
meters to be able to correlate mass movement from database to signal from
a specific station. In spite of the positive results, there are also many land-
slides that were not recorded as seismic signals. For a more efficient seismic
detection of landslides, it would be better if one choose a site of interest and
deploy a purpose-built seismic network in a landslide prone area.
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Chapter 1

Introduction

1.1 An introduction to natural hazards and

landslides

A natural hazard is defined as ”a dangerous phenomenon, substance, hu-
man activity or condition that may cause loss of life, injury or other health
impacts, property damage, loss of livelihoods and services, social and eco-
nomic disruption, or environmental damage” (UNISDR, 2009). It can be cat-
egorized as geologic, atmospheric, hydrologic or biologic. Examples include
earthquakes, tsunamis, floods, landslides, avalanches, tornadoes, drought and
volcanic eruptions (Smith, 2013). Statistics show that as many as 569 mil-
lion people were affected by natural disasters in 2016, and of these, 8733
died (Debarati et al., 2017). This presents that natural hazards is a world-
wide challenge affecting a great number of people. Consequently, the risk of
injuries and fatalities should be reduced as much as possible.

One of the most common natural hazards is landslides. The term landslide
is used to describe the process of a downslope movement of soil, rock and/or
organic material under the force of gravity (Highland et al., 2008). It can
pose a threat to population, infrastructure and communities since these of-
ten develop in landslide prone areas. It is challenging to anticipate when a
landslide will occur, and in the majority of cases it is not possible. The vul-
nerability depends on what is exposed to the threat, also called element at
risk, and the consequences of the hazard. Statistics presented by David Pet-
ley shows that non-seismically triggered landslides caused the loss of 32 322
lives in a 7-year period from 2004 - 2010 (Petley, 2012). This demonstrates
that landslides alone exert a great danger to population and society. In ad-
dition, financial losses are high, which makes it desirable to detect methods
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2 CHAPTER 1. INTRODUCTION

to reduce the risk of human loss, injuries, destruction and economical costs.

The various types of landslides and snow avalanches occur in both low-
inclined and steep slopes. Such landslides generate vibrations in the ground
which produce seismic waves. This seismic energy is detected by instru-
ments called seismometers. A number of studies addressing the detection of
landslides using seismological signals have been compassed and presented for
alpine regions in Switzerland (Dammeier et al., 2011), Italy (Helmstetter and
Garambois, 2010) and the French Alps (Deparis et al., 2008). These studies
mainly focus on rockfalls, rock avalanches and debris flows. There have also
been studies on mudslides (Walter and Joswig, 2009) and snow avalanches
in the same areas (Lacroix et al., 2012). No studies have been conducted
addressing this topic for Norwegian areas. Due to Norway’s favourable to-
pography and geology for landslides, the occurrence of landslides is high and
there are numerous seismological stations spread around the country, which
ensure the viability for this study in Norway.

The main objective of this master thesis is to analyse if mass movement
(landslides and snow avalanches) occurrences have left seismic signatures that
have been recorded by the permanent seismic network in Norway. A database
presenting the occurrence of past landslides in Norway, in combination with
data from seismic stations will be used to address this. This will be achieved
by:

1. Performing a literature study on seismic detection of mass movement
induced signals.

2. Investigating if the occurrence of past mass movement events in Norway
have been registered by seismic stations.

3. Identify and characterise the signals left by a specific type of mass
movement or by different mass movement types.

4. If positive results in the previous objectives are obtained; determining
whether a specific station can be used for local early warning.
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This thesis is divided into several chapters. The first chapter gives a short
introduction to natural hazards, landslides, seismics and the main object-
ives of the thesis. Chapter 2 focuses on the study areas; mainland Norway
and Svalbard, and presents information about the geological setting, climate
and mass movements and earthquakes in Norway. In chapter 3 there will be
further examination of seismic theory about mass movements. Classification
of the landslides and snow avalanches used in the study will be presented,
along with factors known to trigger mass movements. This chapter also in-
cludes information about hazard assessment and monitoring, seismometers
and seismic energy. Finally, it will present information and signal character-
istics from the literature study. This will also show examples of signals from
different mass movement types and earthquakes. The 4th chapter presents
which data is being used, both mass movement data and describe the seismic
data and the seismic stations used in the thesis. Chapter 5 introduces the
methods used to create the mass movement dataset and how the seismic data
is downloaded and visualised. Analysis of the results are presented in chapter
6, and discussed further in chapter 7. Finally, summary and conclusions are
found in chapter 8 and the last chapter, chapter 9, presents suggestions for
further work.
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Chapter 2

Study Area: Norway and
Svalbard

The area selected for this study is the entire mainland Norway and Svalbard,
herein referred to as Norway. Located on the Northern Hemisphere, Norway
reaches from Lindesnes at 57◦N and 7◦E to Nordkapp at 71◦N and 25◦E, a
distance of approximately 1750 km. Norway is well-known for high mountains
and deep fjords and due to its length and elevation differences, it reaches over
several climate and altitude zones. This has a huge effect on the distribution
of precipitation, wind and temperature, which again have major impacts on
the occurrence of mass movements. Svalbard is an archipelago in the Arctic
located between 74◦N - 81◦N and 10◦E - 35◦E (Figure 2.1).

2.1 Geological setting

Since the Earth was formed 4.6 billion years ago, a number of geological
processes have taken place, where inner mechanics have built up the earth’s
crust, while exterior processes have broken it down. These are continuous
processes, shaping the Earth to look like the one we know today (Nystuen,
2007). Fennoscandia, the northern peninsula which Norway is a part of
(Donner, 1996), came about 2.8 billion years ago in the formation of rocks
through periods of volcanism, deformation and orogenesis. Meanwhile, the
landscape has also been characterized by erosion and sedimentation (Fossen
et al., 2007). About 450 Mya, in the geological period Cambrium, the Caledo-
nian orogeny took place. In this period the Iapetus Ocean closed, leading to
the collision of the two lithospheric plates Laurentia (Greenland) and Baltica
(Scandinavia). The collision gave rise to a large mountain range, probably
as high as today’s Himalaya. This mountain range stretches from southern

5



6 CHAPTER 2. STUDY AREA: NORWAY AND SVALBARD

Europe, through Ireland, Scotland and Scandinavia to Svalbard. With time
it has been eroded, but remains of the mountain range can still be observed
on several locations. They are best preserved in Norway, and in southern
Norway the mountain range divides the west from the east which has a big
influence on the climate (Fossen et al., 2007). Perm was a period in which
there was a lot of volcanic activity in Norway. The crust cracked up and
rifted, resulting in magmatic intrusions in the bedrock and at the surface.
Lately (geologically speaking), the landscape in Norway has been strongly
shaped by the glaciers that grew forth as result of colder climate. Over
the last 2.6 million years (Ma) there have been several ice ages interrupted
by interglacials. The last ice age ended around 12 000 years ago when the
ice melted. The ice eroded the landscape, forming steep mountain hillsides
with rounded tops, dug out the later famous deep fjords and formed moraine
landscape. When the ice melted the land began to rise to regain isostatic
equilibrium after years where the many thousand meters of thick ice had
pushed the area down. Norway and surrounding areas still rise by a few
millimeters a year, and it is expected to continue in the future (Fossen et al.,
2007).

The geology of Svalbard can be divided into a bottom layer which consists of
igneous and metamorphic rocks, covered by layers of sedimentary deposits,
and on top of this there are unconsoildated deposits. Phases with rising,
sinking, thrusting and folding of blocks have formed the islands throughout
millions of years. Running water and glaciers have eroded and formed both
high mountains and long fjords (Hjelle, 1993).

2.2 Climate

The North Atlantic Current and the Gulf Stream affects the climate in Nor-
way in a sense that it becomes more temperate than expected on these lat-
itudes (Fuglister, 1963). The climate varies with seasons and geographical
location within Norway. A perception of Norway may be that it is cool all
year round, based on its position on the world map. This is, however, not the
case and there is large variation in both temperature and precipitation (Fig-
ure 2.2). To give an accurate representation of the climate, Norway is divided
into 5 regions in the following section. The classification of the counties in
the regions was carried out before the merger of counties from 1.1.2018 and
the meteorological data is from www.yr.no.

1) Western Norway
Western Norway, including the counties Rogaland, Hordaland, Sogn og Fjord-
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ane and Møre og Romsdal, is located along the coast of Norway leading to
a coastal, temperate climate, characterised by a significant amount of wind
and precipitation, and mild temperatures both in summer (Jun-Aug) and
winter (Dec-Feb). The average air temperature in summer is approximately
9◦C and in winter minus 3◦C (Figure 2.2b). Air masses coming in from the
ocean lift due to the mountains that divide the west from the east, resulting
in a significant amount of precipitation (Figure 2.2a). The precipitation nor-
mally falls as rain, but there are occurrences of snowfall, especially at high
altitudes.

2) Eastern Norway

Eastern Norway includes the counties Oppland, Hedmark, Akershus, Busk-
erud, Telemark, Vestfold, Østfold and Oslo. The climate around Oslo and the
Oslo fjord is characterized as temperate with an average temperature at 10◦C
in summer and 8◦C below zero in winter. In the inland areas, Oppland and
Hedmark, the temperature depends immensely on the sun radiation which
results in cold winters with much snow and warm summers. The temperature
can vary from 20◦C below zero in winter to 30◦C in summer. This is called
inland climate. There is usually not much wind, nor a lot of precipitation in
these areas. However, in winter there are significant amounts of snow.

3) Southern Norway

Southern Norway is known for a mild climate, due to its location being by the
sea and its position at relatively southern latitudes. The counties belonging
to this region are Aust-Agder and Vest-Agder. The average temperature
in winter is approximately 4◦C below zero in winter and in summer the
average temperature is around 11◦C. These areas can also be exposed to
heavy precipitation in periods.

4) Central Norway

Central Norway, including the counties Nord- and Sør-Trøndelag, is situated
by the sea and has a temperate climate. There is a lot of precipitation due to
air coming from the Norwegian Sea. The average air temperature is around
11◦C in summer and minus 5◦C in winter.

5) Northern Norway

Northern Norway is a large area in geographic extent including the counties
Nordland, Troms and Finnmark. It covers roughly half the length of Norway,
corresponding to 35% of mainland Norway. The region includes both coastal
and inland areas, which naturally makes the climate vary depending on loc-
ation. The climate is temperate in coastal areas and continental in inland
areas. However, the average temperature in Northern Norway in summer
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and winter is 9◦C and minus 8◦C respectively.

Svalbard’s climate is classified as tundra due to cool summers and cold win-
ters. Average temperature in summer is around 4◦C and in winter 15◦C
below zero, according climate statistics from www.yr.no.

Figure 2.1: Map of the study area, mainland Norway and Svalbard (the latter
top left).
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(a) Yearly precipitation in Norway. (b) Average temperatures in Norway in
January (top) and July (bottom).

Figure 2.2: a) Yearly precipitation in Norway (in mm). b) Average temper-
atures in winter (top) and summer (bottom) in Norway. From www.yr.no.
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2.3 Mass movements

Mass movement is the process when a mass of rock, soil, snow or organic
material move downslope under the force of gravity. Among the various
disaster processes occurring on the Earth’s surface, landslides are in a world-
wide perspective known as one of the most important natural disasters. A
consequence of the diversity in topography, geology and weather in Norway
is that there is a high incidence of mass movements here, and they occur all
over the country. They often happen after episodes with heavy rainfall and
vary greatly in size. Research shows an increase in precipitation intensity
and frequency in Norway, which leads to more mass movements (NGI, 2014).
Rockfalls, rock avalanches, snow avalanches, debris avalanches and debris
flows are known to occur in steep areas. Moreover, mass movement may
also materialize on surfaces with little inclination. Quick clay slides happen
in areas where the ground consists of marine clay. These are a challenge
in Norway since great land areas consist of marine clay deposits after the
deglaciation around 12 000 years ago (L’Heureux and Solberg, 2012). Mass
movement types such as spread and flow also occur in low-inclined slopes.

2.4 Earthquakes

Earthquakes can be triggered by the release of tension that has accumulated
in the Earth’s crust. Norway is located well in on the Eurasian plate, and is
therefore not particularly prone to big earthquakes from plate movements.
Most earthquakes in Norway have therefore a magnitude below 2.0 on the
Richter scale and is most often not felt by humans (Carstens, 2007). Never-
theless, there are numerous earthquakes occurring along the coast of western
Norway and Nordland, in the North Sea, Oslo area and Finnmark. This can
be seen on figure 2.3 which shows the seismicity in the area from March 2017
to March 2018. Scientists believe that along with the isostatic uplift process,
the plate tectonic forces are the main reasons for earthquakes in Norway
(Olesen et al., 2002). The strongest earthquake ever felt on Norway’s main-
land occurred south of Oslo in 1904 and was a 5.4 intra-plate quake felt by
humans and caused damage to buildings. Generally, teleseismic earthquakes
(earthquakes at distances greater than 1,000 km from the measurement site
(USGS, 2017)) can also be registered by seismometers deployed in Norway.
On Svalbard, seismometers register earthquakes with higher magnitudes due
to the shorter distance to the plate boundary (Figure 2.3).
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Figure 2.3: Seismicity in the study area in the past 12 months. Red circles
represent seismic events with magnitude (M) >= 2.0 on Richter Scale. White
rectangles = seismic stations. There are several incidents on mainland Nor-
way and on Svalbard. Numerous earthquake occurrences can be seen as a
curved line on the mid ocean ridge between Iceland and Svalbard. Image
courtesy of NORSAR. Accessed: March 14th 2018.
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Chapter 3

Mass Movements and Seismics

3.1 Mass movements

The Norwegian term for all mass movements is skred and it includes land-
slides and snow avalanches (Figure 3.1). In this work the term is always
used as a general term for both movements, which are two common natural
hazards in Norway. They are classified based on the type of material as
indicated in figure 3.1.

Figure 3.1: The Norwegian classification of mass movements. Modified from
www.ngu.no.

The general term landslides is used herein for mass movements that do not
include the movement snow. The term landslides will refer to fall, topple,
slide, spread and flow.

Snow avalanches

A snow avalanche is the flow of snow down-slope under the force of gravity.
It can cause a major threat to infrastructure and population if occurring
in inhabited areas (Lacroix et al., 2012). Snow avalanches can be classified
based on size, snow type of avalanche layer (wet, dry), start zone of avalanche

13



14 CHAPTER 3. MASS MOVEMENTS AND SEISMICS

(point, slab) and if the whole snow pack is moving or only the top layer
(Sabou, 1992), (Figure 3.2).

Figure 3.2: Sketch of snow avalanche movement and dynamics. From Clel-
land and O’bannon (2012).

Landslides

Landslide processes encompasses a broad range of failure modes such as fall,
topple, slide, spread and flow (Figure 3.6). The stability of a slope is primarily
controlled by the material’s reaction to gravity. Slide geometries and mech-
anics are controlled by geological factors, water content and topography of
slope. Landslides can be classified based on their type of movement and type
of material involved in the process (Highland et al., 2008). This thesis uses
the classification by Hungr et al. (2014). This proposed classification is an
update of the Varnes classification from 1978 and characterises landslides
mainly by how the material is transported, whether it falls, topples, slides,
spreads or flows, and which material it is; rock or soil. The Hungr classific-
ation has a total of 32 movement subtypes. Only the three landslide types
that will be analysed later on in the thesis will be described here, based on
Hungr’s classification (Hungr et al., 2014). These are clayslides, rockfalls or
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rock avalanches and debris flows or debris avalanches.

Quick clay and other types of sensitive clays exists in Norway where the
ground consists of clay that originally was deposited in the ocean. When
these areas raised due to isostatic uplift, the marine clay got exposed to air.
This clay is stable when untouched, however, if the mass of clay is stirred or
subjected to an overload of stress, the firm clay can lose its shear strength
and become almost liquid and float over large areas. Triggers can be erosion,
precipitation and human activities such as filling or cutting. This landslide
can have a progressive backward or forward movement, meaning that the
fracture zone moves backward or forward. Another well-known movement
is the retrogressive movement (Figure 3.3). This can cause large masses to
move, which can damage the settlements located on the moving mass or
elements of the mass’s path.

Figure 3.3: Left: Sketch of retrogressive movement from L’Heureux (2012).
Right: Picture of the scarp from the Sørum quick clay slide in 2016. The
curved shape remind of that of a retrogressive movement. Image from
Joanssen and Mordt (2016).

Rockfalls are classified as an abrupt detachment of soil or rock where ma-
terial fall through air (Hungr, 2014). They normally happen in spring or
autumn due to freeze- and thaw-processes, or due to precipitation that cause
high water pressure in fractures in the mountains. In spring, root growth
in fractures are believed to contribute to the occurrences of rockfalls (NGI,
2014). Rock avalanches have a bigger volume than rockfalls, and normally
happen in steep areas, as rockfalls (slope angle >35-40◦). Blocks of rock usu-
ally detach from a cliff where there is an existing plane of weakness, where
little or no shear displacement has occurred, and break into smaller pieces
when hitting ground further down. Depending on slope angle at the bottom
of the slope, blocks either stop or continue to move by bouncing, rolling or
sliding. Rock avalanches are known to travel long distances in valleys and
can cause damage to whatever is in its path (Figure 3.4).
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Figure 3.4: Left: Rockfall dynamics by USGS (2014). Right: Image from
a rock avalanche in Geiranger in 2017. Red circle shows the part of the
mountain that got detached and fell. This will be reviewed in chapter 6.
Image courtesy of Mathias Etnestad, from (Gamlem, 2017).

Flow is a continuous movement where the surface of shear is short-lived and
not preserved. When it is channelized it is called a debris flow. As the
name indicates, a debris flow normally has a flowing movement (NGI, 2014)
and can happen in steep hills or rivers. A debris avalanche is a flow that
is unchannelized (Figure 3.5). These have a gliding movement and occur
normally in slopes where the angle is >25◦. Both debris flows and debris
avalanches are easily triggered when there is heavy precipitation, or much
snow melt (NGI, 2014).

Alternative ways to classify mass movements are to use the run-out length,
volume, depth, size and/or liquid content of the mass. These latter criteria
are, however, not included in the Hungr classification.

The anatomy of landslides and snow avalanches are generally described by
subdividing the slide into a source area (scarp), main track or path and a
deposit area. The scarp is the area where the material loosens from the
ground. The track or path is the area where the material from the scarp has
traveled. The deposit area is where the material from the scarp is deposited.
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Figure 3.5: Top left: Sketch of a debris flow. Top right: Picture from a
debris flow in Vetlefjorden, November 2013 (presented further in chapter 6)
From USGS (2014) and Svanes (2013b). Bottom left: Sketch of debris flow.
Bottom right: Picture of a debris avalanche in Oldedalen, November 2013
(More in chapter 6). From USGS (2014) and Svanes (2013a).

3.2 Triggering factors

Mass movements can be triggered if a mass’ driving force exceeds the resistive
force, in literature explained as when there is a rapid increase in shear stress
or decrease in shear strength (NGI, 2014). The driving force is due to grav-
ity pulling mass down the slope, while the resistive forces are cohesion and
friction in a mass preventing the mass to be relocated (Figure 3.7), (Smith,
2013). Cohesion and friction are conditioning factors inherent in the mass
that affect the stability. Others are terrain geology, slope angle and morpho-
logy, weather and vegetation density (Jebur et al., 2014). External triggering
factors can be rainfall, volcanic activity and earthquakes (Smith, 2013). The
latter is the main cause of landslides in many parts of the world, along with
precipitation. Anthropogenic (human) activities, for example, slope excav-
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Figure 3.6: Landslides included in the Hungr classification. From USGS
(2014)

ation, filling or deforestation are other triggering factors that contribute to
the occurrence of landslides. Modification of drainage patterns, undercut-
ting of, and filling on slopes are activities acknowledged to initiate landslides
(Zêzere et al., 1999). Because of the many and different trigger mechanisms,
landslides are known to occur worldwide and in all sorts of terrain, not only
limited to steep areas. Snow avalanches are triggered by meteorologic factors,
properties within the snow pack, earthquakes and humans.
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Figure 3.7: Forces acting of a slope.

3.3 Hazard assessment and monitoring

Hazard and risk assessment is required to predict the occurrence and re-
duce the damage of a landslide or snow avalanche. The first is to identify
where it can occur, later when it can occur. To detect possible areas of mass
movement occurrence, inventory maps are made. To detect when it will hap-
pen one can use susceptibility maps (Hervás and Bobrowsky, 2009), but also
monitoring. Monitoring help to detect and predict the general behaviour of a
landslide. The goal is to predict the occurrence and behaviour to avoid dam-
age and undesirable consequences to property and people. Different mass
movement types move with different speed and motion so monitoring sys-
tems depend on mass movement type. Rockfalls and rock avalanches are
monitored by measuring crack movements, using extensometers, LIDAR and
GPS. Seismometers are deployed to monitor ground movement. If movement
rate exceeds a certain threshold one can expect a landslide. The behaviour
of a debris flow can be monitored with GPS, ultrasonic sensors, geophones
and rain gauges. For a clay terrain, stabilisation can be achieved by im-
proving the shear strength of the clay, installing support structures in the
ground or reducing the shear stress level in the clay (NGI, 2014). Generally,
avalanche risk is determined by considering meteorological factors and doing
field observations.
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Research shows that there is a strong correlation between precipitation and
the occurrence of landslides, implying that with increasing precipitation there
will be a growth in landslide incidents (NGI, 2014). A rain gauge can be used
to try to predict if there will be a mass movement in a region, however, it
can not detect its exact time or location.

It should be emphasised that it is challenging to predict the exact time of a
mass movement, as the nature is constantly evolving and several parameters
affect the stability of slopes. With the current expertise and technology it
is usually not possible to predict when a mass movement will occur. It is
therefore necessary to raise structural mitigation measures to lead a landslide
away from a prone area, hold it back or reduce its extent. Such mitigation
measures can be walls, dams, levees and fences, surface drainage to avoid
landslides occurring, structural reinforcement, retaining structure, modifying
slope or modify material properties to mention a few (NGI, 2014). The
most beneficial measure depends on area, threat, economy and availability of
monitoring instruments. An Early Warning System (EWS) can possibly be
used as an alternative to structural measures to warn about an event before
or precisely when it occurs, with the intention of having time to evacuate.

3.4 Seismometers and seismic energy

An instrument detecting and recording seismic energy as result of ground mo-
tion is called a seismograph or a seismometer. Such instruments are crucial
for studying earthquakes, and with their help one has obtained a good and
valuable understanding of the inner structure of the Earth and how waves
propagate. Seismic waves are propagating vibrations that carry energy away
from a source. Vibrations usually originate in earthquakes, but they might
also come from explosions, landslides, storms or human activity. The en-
ergy is directly related to the amplitude of the wave. This energy is spread
in all directions from the source, but as it propagates through the Earth
the amplitude decreases. Seismic amplitude losses are caused by geomet-
rical spreading, intrinsic attenuation and transmission losses. Seismometers
measure signals with frequencies ranging from 0,001 Hz to 50 Hz and they
can be either 1- or 3-component seismometers which measure movement in
either one or three directions. The 3-component seismometers have 3 sensors
that record vertical (Z), North-South (N-S) and East-West (E-W) motion
(Røsvik, IRIS). Information collected by seismometers are displayed as seis-
mograms. Nowadays, the signals are registered electronically and displayed
on a computer, but in the past they were registered by an electric driven pen
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which drew the signal on paper.

Analysing seismic signals can give an insight to event characteristics such as
size of event, peak ground velocity (PGV), number of sub-events etc. PGV
is used to represent event magnitude and shaking intensity (Dammeier et al.,
2011). The magnitude is measured on a logaritmic scale called the Richter
Scale. This tells how much energy is released when an incident happens,
independently of the effects on the surroundings. An event’s location can be
determined from seismograms, but for this at least 3 stations are needed. Not
only earthquakes induce waveforms on seismograms, but also landslides and
snow avalanches. Research presented on the following pages shows the differ-
ent sources to ground motion induces different signal shapes on seismograms.
An earthquake’s waveform is different to that of a landslide and it is there-
fore important to analyse signals in order to detect the correct source. And
opposite, if a landslide leave a particular seismic signature on a seismogram,
the seismogram can be used to detect if a landslide has occurred.
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3.5 Seismic detection of mass movements

Seismometers can be used to monitor areas prone to mass movement haz-
ards. Signal characteristics from the seismic records can detect which mass
movement that has occurred in an area. Papers written on the topic mostly
involve seismic signals in relation to rockfalls, where many of the studies use
data from the Alps. Dammeier et al. (2011) assembled a data set of 20 rock-
slides in the Alps and analysed their corresponding seismograms. Metrics
from the seismograms (signal duration, peak value of the ground velocity
envelope, velocity envelope area, risetime and average ground velocity) were
used to estimate rockslide volume, runout distance, drop height, potential
energy and angle of reach. Results show that all parameters except for angle
of reach are reasonably well predicted by use of the metrics. The determ-
ination of these fairly good results were further improved using multivariate
linear regression. An example of a signal produced by a rock avalanche from
this study is presented in figure 3.8. This seismogram shows a cigar shaped
form which is typical for signals induced by rockfalls.

Figure 3.8: Signal left by Monte Rosa rock avalanche in the Alps, 21st of
April 2007, with the typical cigar shape form. Signal duration is 1 minute
and 40 seconds. Distance from rockfall to recording station was 14 km. From
Dammeier et al. (2011).

A study of the active Séchilienne rockslide in the French Alps done by
Helmstetter and Garambois (2010) show that the probability of occurrence
of rockfall increase linearly with precipitation. Here, the active rock mass
breaks into blocks that topple or slide and generate seismic signals. A seismic
network was installed in 2007 to supplement the classical monitoring system,
and has since recorded thousands of rockfalls and earthquakes. These are dis-
tinguished and classified from their signal characteristics. Figure 3.9 presents
4 distinctive seismograms from the article. In spite of the somewhat different
shapes, they are all induced by rockfalls.
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Figure 3.9: Signals induced by rockfalls in the French Alps. Dates of occur-
rences a) 07.06.2008. b) 14.12.2008. c) 08.03.2009. d) 10.03.2009. From
Helmstetter and Garambois (2010).

A study by Lacroix et al. (2012) describes how snow avalanches can be
detected by a seismic array. The frequency content is between 1 to 30 Hz,
signals lasts for >10s, typically around 40s, and have a cigar shaped form
(Figure 3.10).

Figure 3.10: Signal from snow avalanche 26th of February 2010 in the
Viguelle path in the French Alps. From Lacroix et al. (2012).



24 CHAPTER 3. MASS MOVEMENTS AND SEISMICS

A study from Nicaragua (Álvarez et al., 2003) presents seismic signals from
two debris flows (lahars) which took place on volcano Concepción the 28th
and 31st of October 2002. The seismic station located in the northern side
of the volcano registered the lahars that induced major amplitude impacts
on the seismograms, and the signals (the lahars) lasted around 25 and 35
minutes (28th and 31st respectively). The duration in seen in figure 3.11
where the signal is stronger/amplitude is increased. For both, the frequencies
were below 3.86 Hz.

Figure 3.11: Signals induced by lahars on volcano Concepción in Nicaragua.
Top: 28th of October 2002. Bottom: 31st of October 2002. The quality
is bad, but the amplitude enhancement can be seen from 20:00 on the top
seismogram and a bit before 19:00 on the bottom seismogram.
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Walter et al. (2017) did a study on debris flow detection at Illgraben, Switzer-
land show that seismometers in this area also can detect debris flows. The
latter is initiated by rainfall, snow melt or when dams rupture leading to
great runoff. The article shows that ”seismic monitoring allows for consid-
erable warning time provided that detection occurs rapidly upon debris-flow
initiation”. This requires both rapid detection and location of the debris flow
front. The seismograms in figure 3.12 from the study conducted by Walter
show signals with emerging onset and decreasing offset which is typical for
landslide induced events.

Figure 3.12: Seismic signal from 3 debris flows that occurred in Illgraben,
Switzerland June and July 2011. Signals are filtered between 0.5 and 5 Hz.
From Walter et al. (2017)

Manconi et al. (2017) analyzed 1058 rainfall-induced landslide events (rock-
falls, debris flows, mudflows and unspecified landslides) inducing seismic sig-
nals registered by a large seismic network in Italy from 2000-2014. The study
presents the signal characteristics, and investigates how it is possible to ob-
tain information on the source of the mass movement event and about its
dynamics. The article also shows the seismic signal produced by an earth-
quake, and states that there is a difference in signal shape for a landslide and
an earthquake if looking at shape and frequency. An earthquake’s seismo-
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gram normally has a very abrupt increase and slow decrease before there is
another abrupt increase and decrease that fades out (Figure 3.13).

Figure 3.13: Example of a seismic signal likely induced by an earthquake in
Viba Valentino, August 2. 2010. From Manconi et al. (2017).

Other articles that review the same topics, but for other areas are Esposito
et al. (2013) and Burtin et al. (2016).

3.5.1 Signal characteristics

Literature states that mass movements leave a waveform that has an emer-
ging onset and slowly fading offset (cigar shaped form) on seismograms. The
signal rises from the noise and fades back into the noise. The signals are
bandpass filtered between 1 and 30 Hz, and has durations of 10s of seconds
to minutes. Many articles present the same results when it comes to signal
characteristics. These are presented in table 3.1 and show a summary of the
characteristics and which articles state it.
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Table 3.1: Table showing signal characteristics from sources of previous sim-
ilar work.
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Chapter 4

Data

Two types of data were collected for this analysis:

• Mass movement data

• Seismic data

4.1 Mass movement data

Collection of the occurrence of historical mass movements through a national
database was initiated by NGU in 2001. Since January 2014, the design and
development of the database has been transferred to NVE, since this initi-
ative has had the overall responsibility of landslide prevention from 2009.
As part of these efforts NVE works to provide landslide hazard assessment,
monitoring, analysing system and the collection of landslide data. The data-
base mainly collect events that caused damage therefore they are mainly
registered along roads, close to buildings and inhabited areas. The database
can be visualised at www.nve.atlas.no or www.skredregistrering.no. It in-
cludes snow avalanches (snøskred), rockfalls (steinskred), debris flows (flom-
skred), debris avalanches (jordskred), rock avalanches (fjellskred), quick clay
slides (kvikkleireskred), clayslides (leirskred), submarine slides (undersjøiske
skred) and ice fall (isnedfall) and unspecified debris avalanches (uspesifiserte
løsmasseskred) (Table 4.1). The information is collected from regObs (a
registration tool for geohazard observations), skredregistrering.no, Statens
Veivesen, NGU and NGI.

Per 11.11.2017, the database consists of 62 634 events registered within a
period of 1117 years (900 AD-November 2017). Figure 4.1 shows the spatial
distribution of all mass movements in the database and one can see that they

29
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Table 4.1: List of mass movement types and number of events registered in
the mass movemevt database

Type of mass movement Number of events

Rockfall/rock avalanches 31 081
Snow/ice avalanches 20 693

Debris avalanches 7243
(Quick) clay slides 575

Debris flows (flomskred) 473
Landslides in modified slopes 237

Sub-sea slides 30
Non-identified slides 2302

Total 62 634

occur all over Norway and around Longyearbyen on Svalbard. Information
regarding each single mass movement event can be found in the attribute
table, which is opened with ArcMAP. This contains information about event
ID, type, position, date and time of occurrence, witness observation, dam-
age to infrastructure and/or population, evacuation, fatalities and a general
description of the event. Further, it provides information on whom reported
the incident.

Focus in the thesis will be on the rockfalls and rock avalanches, snow ava-
lanches, debris events and (quick) clay datasets.
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Figure 4.1: Spatial distribution of the mass movements recorded in the na-
tional database. Each red circle represent one mass movement. N (number
of events) = 62 634. Accessed: 11.11.2017.



32 CHAPTER 4. DATA

4.2 Seismic data

Norway (including Svalbard and Jan Mayen) has a network of 41 seismic
stations deployed relatively evenly across the country. The stations are oper-
ated by the two companies NNSN and NORSAR, and the seismic data used
in the thesis is obtained from these networks. Some of NORSAR’s stations
were deployed to contribute to monitor any violations on the Comprehensive
Nuclear-Test-Ban Treaty (CTBT) prohibiting such explosions (NORSAR,
2017), but they are nowadays also used for monitoring ground movement
primarily as result of earthquakes. Both institutions have single stations and
arrays (Figure 4.2). By using seismic arrays one can measure the direction
and velocity of the seismic wave, providing a better estimation of an earth-
quake’s location (NORSAR, 2018). The stations record seismic data continu-
ously, meaning that one can at all times read the signals amplitudes. The
data from NORSAR and NNSN is accessible through http://norsardata.no/-
NDC/data/autodrm.html and ftp://ftp.geo.uib.no/pub/seismo/DATA/WA-
VEFORM/.

In the following, and in the thesis in general, stations and seismic signals
from Jan Mayen are excluded. The location and characteristics of the other
stations are presented in figure 4.2 and table 4.2 respectively. NORSAR’s
network consists of 6 stations. NORES and ARCES are both seismic arrays
with 3-component broadband seismometers, and NOA is an array with 1- and
3-component broadband seismometers. AKN and JETT are single stations
each equipped with a 3-component broadband seismometer used to monitor
unstable rock slopes (NORSAR, 2018). The stations are located within 60◦N-
70◦N and 6◦E-26◦E, at elevations between 302 and 631 meters above sea level
(masl). The first installation NOA has been operating since 1968, which
at the time was placed to detect nuclear explosions and contribute to the
mapping of worldwide seismicity (NORSAR, 2017). JETT is the newest
installation from 2014.

NNSN’s first station started operating already in 1905 and since then more
stations have been deployed. The 31 stations in this network are located
within 58◦N-78◦N and 4◦E-29◦E, at elevations between 10 and 799 masl.
They are both single stations and seismic arrays. NNSN’s network is finan-
cially supported by the Norwegian Oil and Gas Association and UiB (NNSN,
2018). The data is processed at UiB, where also the data from NORSAR’s
stations are implemented for processing (UiB, 2015).
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Figure 4.2: The seismic network in Norway. Total number of stations = 37.
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Table 4.2: List of seismic stations with information about location, station type, which company each belong to and
then it started operating. Stations on Jan Mayen are not presented. Information about geographical location of the
stations is found on http://www.isc.ac.uk/registries/. The station types were not identified for NNSN’s stations.

Station Station Location Long, lat Elevation Operating Company
name type (E, N) (m) since

AKN Single station Aknes 7.00, 62.18 508 2009 NORSAR
ARCES Seismic+infrasound array Karasjok 25.51, 69.53 403 1987 NORSAR

(25+9 instruments)
JETT Single station Jettan 20.41, 69.56 631 2014 NORSAR
NOA Seismic array (42 instruments) Hamar 10.83, 60.83 379 1968 NORSAR

NORES Seismic + infrasound array Løten 11.54, 60.74 379 1985 NORSAR
SPITS Seismic array Longyearbyen 16.37, 78.18 323 1992 NORSAR
ASK - Askøy 5.19, 60.48 50 1984 NNSN
BER - Bergen 5.39, 60.39 50 1905 NNSN
BJO1 - Bjornøya 18.99, 74.50 18 1998 NNSN
BLS5 - Blasjø 6.45, 59.39 550 1993 NNSN

DOMB - Domb̊as 9.07, 62.04 660 2002 NNSN
FAUS - Fauske 15.29, 67.38 94 2014 NNSN
FOO - Florø 5.04, 61.59 10 1984 NNSN

HAMF - Hammerfest 23.68, 70.64 105 2010 NNSN
HOMB - Homborsund 8.51, 58.27 21 2008 NNSN
HYA - Høyanger 6.19, 61.17 30 1985 NNSN
KMY - Karmøy 5.25, 59.21 58 1984 NNSN

KONO - Kongsberg 9.60, 59.65 216 1979 NNSN
KONS - Konsvik 13.12, 66.50 36 2007 NNSN
KTK1 - Kautokeino 23.24, 69.01 340 1989 NNSN
LOF - Lofoten 13.54, 68.13 80 1987 NNSN
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MOL - Molde 7.55, 62.57 98 1987 NNSN

MOR8 - Mo i Rana 14.44, 61.17 445 1991 NNSN
NSS - Namsos 11.97,64.53 102 1987 NNSN

ODD1 - Odda 6.63, 59.95 684 1987 NNSN
OSL - Oslo 10.72, 59.94 70 2002 NNSN

SKAR - Skarslia 8.30, 60.68 799 2013 NNSN
SNART - Snartemo 7.21, 58.34 160 2003 NNSN
STAV - Stavanger 5.70, 58.93 28 2001 NNSN
STOK - Stokkvaagen 13.02, 66.33 18 2003 NNSN
STEI - Steigen 15.26, 67.93 24 2007 NNSN
SUE - Sulen 4.76, 61.06 10 1966 NNSN

TBLU - Trondheim 10.26, 61.06 232 2008 NNSN
TRO - Tromsø 18.93, 69.63 15 1960 NNSN
VADS - Vadsø 29.36, 70.12 105 NNSN

HOPEN - Hopen 25.01, 76.51 25 2004 NNSN
KBS - Kings Bay 11.94, 78.93 74 1967 NNSN
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Chapter 5

Methodology

A study of NVE’s mass movement database was carried out to investigate
which information existed in the database and to select which events to use
for further analysis. A collection and selection of mass movements, and an
extraction of seismic signals that correlated with the time and location of the
mass movements was completed. This led to a creation of four new datasets,
one for each mass movement type. A cross-check of the datasets was done
to verify the existence of the mass movements. Further, an analysis of the
signals decided whether the waveforms on the seismograms were results of
landslides, snow avalanches, earthquake, noise etc. A graphical visualisation
of the steps in the analysis of the mass movement database are visualised in
figures 5.1 and 5.2. Summary of methods are shown in table 5.1.

Table 5.1: Summary of methods, purpose and tools used to conduct the thesis.
Mm. = mass movement.

Objective Purpose Tools used

Literature study Obtain information on seismic Articles, books
detection of landslides reports.

Define mass move- Create four separate Mm. database,
ment (mm.) datasets datasets to analyse ArcMAP

Quality control of Extract relevant data and ArcMAP, articles,
mm. database exclude non-relevant data reports

Analysis of seismic Separate earthquake/explosion SEISAN
signals induced signals from mm. sign.

37
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Figure 5.1: Figure shows how the mass movement database is processed
and how four new datasets are created. DC = clayslides, DD = debris
flows/debris avalanches, DR = rockfalls/rock avalanches and DS = snow
avalanches.
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5.1 Selection and description of mass move-

ment database

Due to the fact that this is pioneering work with regards to this topic in
Norway, in agreement with my supervisor it was decided to choose four mass
movement types and define four new datasets to use for further study. The
mass movement database was imported and opened with ArcMAP version
10.3.1 after being received in December 2017. The program was used to
visualise the location of the mass movements. When received, the database
consisted of 62 634 events. Due to limited time and quality of the database, it
had to be reduced to make a dataset that could be analysed within the time
available. The chosen period of interest was from year 2000 to 2017, because
there are existing corresponding seismic signals on the online sources and the
newest events were believed to be better discussed in media compared to older
events. Additionally, the period 2000 to 2017 was chosen to focus on simply
because a period of interest had to be chosen as the database goes back to
900 AD. Events where the time accuracy was >12h, where location could not
be determined and those without a description were eliminated since these
parameters are necessary information for the analysis. By excluding the
mass movements that did not meet the selected criteria as specified here, the
database was reduced from containing 62 634 events to less than 200 events.
The remaining events were then categorised into four new datasets based
on mass movement type. For many mass movements an accurate timing
could be found through newspaper articles, yet for some this information did
not exist. For the events where no information about the time was found, no
analysis was done. Where an approximate time was found, a 2-hour deviation
was used when reviewing the signal waveforms. Information about landslide
volume existed only for a few events. Consequently, this information could
not be used in the analysis.

The four new datasets were divided into 1) clayslides, 2) rockfalls and rock
avalanches, 3) debris avalanches and debris flows, and 4) snow avalanches.
Explicitly these were chosen because on a general basis there is a high incid-
ence of these mass movement types in Norway. The original intention was
not to include snow avalanches, but out of curiosity two snow avalanches
were chosen to investigate if they induce a signal that could be detected on
seismograms. They were chosen due to good coverage in media and a seismic
station located close to (16 km) the avalanche site.

After using the same limitation criteria for the debris events (e.g debris
flow/debris avalanches) as for the other datasets, the dataset encompassed
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460 events. This number was too big, therefore it was chosen to create the
dataset differently to to the others in order to reduce the mass movement in-
cidents. Consequently, the dataset was created by assembling already known,
large (volume undefined) debris avalanches/debris flows which were known
and pre-mapped as polygons in ArcMAP by other students at UiO and sum-
mer students at NVE (not yet published). These polygons were received
by Graziella Devoli. The new debris dataset based on polygons was cross-
checked with the debris events from the mass movement database and those
that existed in both were gathered into the final dataset.

5.2 Cross-check of mass movement database

The datasets were controlled by searching for the mass movement events in
media, reports and other sources of information to ensure that they truly
could be identified. Moreover, the cross-check made sure that there were
no double registrations of events and controlled that time and location of
the events were correct. The events that could not be identified were ex-
cluded, and for those that were identified, the corresponding seismic signal
was downloaded and analysed. The cross-check and quality control reduced
the datasets to only a small percentage of the original database. The re-
maining events were visualised with ArcMap to present their location, and
determine the distance from the landslide or snow avalanche to the closest
seismic station. The latter is useful for knowing which seismic station to use
when downloading waveform files for each event. Waveform data did not
exist for all stations at all times, so for a few landslides, the waveform from
the second or third closest station was used.

Figure 5.2: Figure shows the procedure of the cross-check of the mass move-
ment database.
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5.3 Seismic data

As this master thesis combines two different disciplines, it was necessary to
use a software that could process seismic data. While ArcMAP presented
mass movement data, the software SEISAN was used to visualise the seismic
data. SEISAN is a free earthquake analysis software developed by researchers
at the University of Bergen and can be downloaded from http://seisan.info/.
The latest version, SEISAN 10.5, was downloaded with the purpose of reading
and illustrating waveform signals.

The seismic stations’ coordinates were imported to ArcMap to create a net-
work showing the spatial distribution of the stations. The coordinates were
found on http://www.isc.ac.uk/registries/listing/, providing a network as
shown in figure 4.2. When knowing mass movement date, location and time
of occurrence, seismic signals from one of the closest stations were down-
loaded and analysed to look for mass movement induced signal shapes. Data
from NNSN’s stations could be opened directly. The data files requested
from NORSAR had to be modified for SEISAN to be able to open them.

5.3.1 Visualisation of waveforms and identification of
mass movement events on seismograms

Files containing 1-hour, or 15-minute, raw data were downloaded and pro-
cessed. The waveform data was visualised in SEISAN using the multiple
plot (mulplt) function. This produced a figure including three seismograms
(Z, N-S and E-W components) as seen in figure 5.3. No clear waveform can
be observed here. Consequently, the waveform data had to be filtered and
inspected again by zooming in on the time period of interest (Figure 5.4).
The waveform was then analysed to determine which process induced that
particular waveform. The waveform appears differently depending on which
filter is used and the event creating the waveform. Since literature provides
information that mass movement-induced waveforms normally appear in the
frequency range 1-30 Hz (Table 3.1), bandpass filters (BPF) with frequency
ranges 2-4 Hz, 1-5 Hz, 5-10 Hz, 10-15 Hz and/or 15-23 Hz were used when
filtering the signals in this project. A BPF let frequencies within a certain
range through, and rejects those below and above the chosen band. Wave-
forms in seismograms can after processing be a result of noise, explosions,
earthquakes or landslides. Based on knowledge from the literature, the seis-
mograms for landslides should after filtering have a cigar shaped waveform
with an increasing amplitude onset and decreasing offset. The procedure
as just described was performed for all events where waveform data could
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be downloaded. More than 300 waveform files were analysed throughout the
process. The part of the seismogram with low amplitude is classified as noise.
This is normally the beginning and the end of the seismograms, but can be
present anywhere in the seismogram (blue area in figure 5.4). The middle
part shows a signal where the amplitude increase gradually, reach an amp-
litude peak, followed by a gradual decreasing amplitude until it fades back
to noise. This gives a cigar shaped signal which is what was looked for when
analysing the signals with different filters.

Figure 5.3 presents the waveform from a 1-hour raw data file. Unfiltered sig-
nals look like this when downloaded, thus, before any filtering and processing.
This example is from a debris avalanche in K̊afjord, 16.05.2010, 61 km from
the TRO station. The signal fluctuates, but many of the signal’s amplitudes
are of same height, which makes the signal look relatively horizontal and
there are not any clear waveform shapes.

Figure 5.3: 1-hour raw data from station TRO.

In the upper part of figure 5.4 one see the same signal as above, but filtered
with a 5-10 Hz bandpass filter. One spike stands out in the middle left part
on each component’s seismogram, which is zoomed in on the bottom part of
figure 5.4. On the zoomed part one can see a signal that can be interpreted
to be induced by a debris avalanche due to its shape. More about this in
the next chapter. The waveform data inside the blue areas are classified as
noise.
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Figure 5.4: Top: 1-hour 5-10 Hz bandpass filtered signal. Bottom: Zoomed
in from the 1-hour data. Data from station TRO. Waveform data inside the
blue areas is classified as noise.
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Chapter 6

Analysis of Results

The quality control and cross-check as described in section 5.1 and 5.2 re-
duced the datasets dramatically and the final dataset consisted of 116 events
(0.18% of the original dataset) divided into four datasets. Table 6.1 presents
the numbers of mass movements within each dataset after the control, and
the spatial distribution of the events are shown in figures 6.1 - 6.4.

Table 6.1: List of mass movement types and number of events for mainland
Norway and Svalbard used in the analysis.

Type of mass movement Norway Svalbard

(Quick) clay slides 44 0
Debris flows/avalanches 44 1

Rockfalls/avalanches 25 0
Snow avalanches 0 2

Total 113 3

Table 6.2 - 6.5 presents information regarding landslide type, location, date
and time of occurrence, the station which seismic signal is extracted from and
distance to the station. The events in bold text are those where seismic
data could be downloaded and analysed. Additionally, the tables inform
whether the seismograms show a waveform believed to be induced by a mass
movement. This is shown in the second right-most column with a ”yes” or
”no”. The ”yes” events are marked with a red number in the first column to
easily find them when they are presented later in chapter 6 and the appendix.
This column also states for which events there was no data or no timing, since
in such cases no analysis was performed. The stars � in the location-column
represents the events for which seismograms are shown later in the chapter.
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Clayslide dataset

The clayslide dataset contained 44 events, where 3 were quick clay slides and
41 were clayslides. There are notable clusters in the area around Oslo and
Trøndelag, but also a few clayslide occurrences in the south and north of
Norway (Figure 6.1). More information about the landslides are presented
in table 6.2. An exact date and location of the events were found, however,
for the events that could not provide a sufficient exact time of occurrence,
no analyse was done.

Figure 6.1: Spatial distribution of the events in the clayslide dataset. Num-
ber of events = 44. Yellow circles = clayslides. Black triangles show the
distribution of seismic stations.
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Table 6.2: List of analysed clayslides. Waveform data was only found for the clayslides in bold text. The stars and
red numbers shows for which landslide event a seismogram is presented in the seismic data section in chapter 6 and
in the appendix. CS = clayslide. QCS = quick clay slides. Total number of clayslides = 44.

Location Date Time of Station Dist. landslide- Waveform on Landslide
occurrence station (km) seismogram type

04.11.00 Ringerike Unknown OSL 36 No data CS
04.11.00 Lier 08:00 OSL 31 No data CS
22.11.00 Kongshaug Unknown OSL 45 No data CS
24.04.02 Malvik 04:00 TBLU 26 No data CS
27.04.02 Steinkjer 02:00 NSS 52 No CS
31.07.02 Kotsøy 17:00 TBLU 33 No data CS
28.03.04 Inderøy Unknown NSS 77 No data CS
04.11.05 Baerum 07:00 OSL 16 No data CS
23.03.07 Overhalla 11:00 NSS 14 No CS
16.05.07 Overhalla 10:30 NSS 4 No CS
17.01.08 Fauske Before 14:00 FAUS 10 No data CS

1 - 12.03.08 Drammen 15:15 KONO 36 Yes CS
15.04.08 Solberg, Østfold Unknown OSL 60 No time CS
19.08.08 Namsos 21:00 NSS 20 No CS

2 - 09.01.09 Melhus 21:45 TBLU 17 Yes CS
07.03.09 Skien 20:00 KONO 48 No CS
13.03.09 Namsos 11:45 NSS 26 No CS
12.07.10 Bodø Unknown FAUS 24 No time CS

�3 - 27.07.10 Kviby, Alta Midnight KTK 123 Yes CS
15.05.11 Sarpsborg 09:00 OSL 75 No CS
19.06.11 Lundestad 17:00 STOK 57 No CS
07.07.11 Rauma Unknown MOL 7 No time CS
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27.08.11 Mørkvollen Unknown OSL 107 No time CS
14.12.11 Halden 07:30 OSL 97 No CS

4 - 01.01.12 Byneset, Trheim 06-08 TBLU 17 Yes CS
23.03.12 Kongsfoss, Modum Unknown OSL 31 No time CS
28.03.12 Stjørdal 18:00 TBLU 43 No CS

� 20.05.12 Gjerdrum 08:30 OSL 24 No CS
5 - 03.06.12 Førum, Vestfold 08:14 KONO 54 Yes CS

09.11.12 Nannestad 23:00 OSL 38 No CS
11.05.13 Melhus 19-20 TBLU 4 No data CS

6 - 23.05.13 Nes, Nesbyen 02:50 SKAR 43 Yes CS
27.05.13 Sunndal 18:00 MOL 58 No CS

7 - 10.06.13 Filtvet 19:45-21:00 OSL 40 Yes CS
�8 - 14.07.13 Minnesund 20:00 NORES 44 Yes CS
�9 - 13.08.13 Dragaasen 16:30 TBLU 45 Yes CS

02.01.14 Vennesla 19:30 HOMB 32 No CS
15.02.14 Nymoen 17:45 OSL 30 No CS
02.02.15 Skjeggestad 14:40 KONO 44 No QCS
17.03.15 Steinkjer 16:30 NSS 55 No QCS
01.04.16 Bekkevoll, Tosbotn 12:50 STOK 99 No data CS

�10 - 10.11.16 Asakveien, Sørum 15:55 NOA 77 Yes QCS
30.09.17 Kristiansand 16:00 HOMB 20 No data CS
01.10.17 Kristiansand 09:00 HOMB 34 No data CS
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Debris avalanche and debris flow dataset

The debris dataset was reduced to contain 45 events. The majority of these
landslides took place in southern Norway and a few in the north (Figure 6.2).
The greater part are debris avalanches (31 events) and the rest are debris
flows (14 events). The debris events happened in a 10-year period, from 2007
to 2017. There was one debris avalanche that occurred on Svalbard in 2016.
This is presented along with the events in the Svalbard dataset.

Figure 6.2: Spatial distribution of debris avalanches and debris flows. Number
of events = 44. Black triangles show the distribution of seismic stations.
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Table 6.3: List of analysed debris flows and debris avalanches. Waveform data was found for the debris events in
bold text.The stars and red numbers shows for which landslide event a seismogram is presented in the seismic data
section in chapter 6 and in the appendix. Total number of landslides in the table = 44. DA = debris avalanche. DF
= debris flow.

Date Location Time of Station(s) Dist. landslide- Landslide indu- Landslide
occurrence station (km) ced waveform type

09.07.07 Nesbyen 02:00 SKAR 42 No data DA.
1 - 25.07.07 Granvin 22:00 BER 74 Yes DA

04.05.08 Stele, Vang 12:00 SKAR 51 No data DA
15.05.10 Narvik No time STEI 106 No time DA

�2 - 16.05.10 Kaafjord 11:30 TRO 61 Yes DA
07.10.10 Flaa 01:30 SKAR 71 No data DA

3 - 09.06.11 Kvam Whole day DOMB 51 Yes DA
10.06.11 Nesbyen 02:30 SKAR 44 No data DA
10.06.11 Sel 13:30 DOMB 44 No DA

4 - 11.06.11 Sel, Nedre Heidal 22:30 DOMB 37 Yes DA
5 - 15.08.11 Sletti, Vang <09:25 SKAR 53 Yes DA

26.12.11 Vassenden, Jølster At night HYA 40 No data DA
26.12.11 Sandvika,Høyanger At night HYA 0,8 No data DA
26.12.11 Rogda, Ullensvang 17:00 ODD 36 No DA

6 - 14.07.12 Beisfjord 13:00 STEI 107 Yes DA
14.07.12 Hanstad, Innsetvann 14:00 TRO 106 No DA

�7 - 14.07.12 Signaldalen 12:00 TRO 64 Yes DA
18.05.13 Skjerdal 06:00 ODD 15 No DA
18.05.13 Odda 23:50 ODD 15 No DF
22.05.13 Aurdal No time DOMB 56 No time DF
22.05.13 Kvam, Vinstra 17:00 SKAR 66 No DA
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22.05.13 Høljarast, Fagernes <20:00 SKAR 60 No DA
22.05.13 Tonsaasen At night NAO 56 No time DA
22.05.13 Aurdal No time SKAR 66 No time DA
22.05.13 Kølsrud 19:30 NAO 65 No data DA

8 - 23.05.13 Alfarveien, Nesbyen 00-03 SKAR 44 Yes DF
23.05.13 Høvringen, Otta Unknown DOMB 26 No time DA
05.06.13 Tyinkrysset Unknown SKAR 58 No time DA
27.06.13 Torpo, Opheimsvegen Unknown SKAR 21 No time DA
18.08.13 Byrkjenes, Odda 12:00 ODD 15 No DF

9 - 23.10.13 Romslo, Bergen 01:30 BER 15 Yes DA
�10 - 15.11.13 Oldedalen At night AKN 51 Yes DA
�11 - 15.11.13 Vetlefjorden After 20:00 HYA 28 Yes DF

03.08.14 Kvitelva, Kvam herad Unknown BER 40 No time DF
14.12.14 E16, Bogetunnel Unknown BER 35 No time DF
12.05.15 Vaksdal 13:18 BER 23 No DF

12 - 05.12.15 Ullensvang 06-09 ODD 26 Yes DF
06.12.15 Haukanes Unknown BER 45 No time DF
07.12.15 Raudskredbekken Unknown ODD 12 No time DF
02.06.16 Motland 17:30 STAV 42 No data DF
08.12.16 Vassenden, Strand 08:20 HYA 37 No data DF
30.12.16 Skjolden, Urnes 14:00 HYA 81 No data DF
25.06.17 Tolovegen Unknown BER 45 No data DF
02.10.17 Kvitaskreda 09:00 HYA 82 No data DA
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Rockfall and rock avalanche dataset

A total of 25 rockfalls fit the criteria and were gathered to a dataset. These
events are located relatively evenly across large parts of Norway. However,
most of them occurred in coastal and mountain areas (Figure 6.3). Five
events are classified as rock avalanches (mass of rock >10 000 m3) and the
other 20 are classifies as rockfalls (mass of rock <10 000 m3) or the volume
is unknown. The rockfalls happened in the periods from 2003 to 2004 and
2011 to 2017. More information is presented in 6.4 below.

Figure 6.3: Spatial distribution of rockfall and rock avalanches events in the
dataset. Number of events = 25. Black triangles show the distribution of
seismic stations.
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Table 6.4: List of the analysed rockfalls and rock avalanches. Waveform data was found for the rockfalls/rock
avalanches in bold text. The stars and red numbers shows for which landslide event a seismogram is presented in the
seismic data section in chapter 6 and in the appendix. RF = rockfalls. RA = rock avalanches.

Date Location Time of Station(s) Dist. landslide- Landslide indu- Landslide
occurrence station(km) ced waveform type

09.02.03 Odda 20:30 ODD 9 No data RF
03.07.03 Sørnesand Evening HYA 45 No data RA
17.08.03 Norangsdalen Unknown AKN 14 No data RA

�1 - 15.05.04 Odda 09:06-09:09 ODD 17 Yes RF
02.07.04 Utladalen Unknown SKAR 76 No data RA

�2 - 30.07.11 Kjerag 07:30-09:30 BLS 39 Yes RA
28.11.11 Mo, Førde No time HYA 31 No time RF

3 - 22.06.12 Odda 11:00 ODD 18 Yes RF
10.11.12 Gjerdrum/Lillestrøm 22:00 OSL 21 No RF
04.04.13 Tafjor, Geiranger 07:30 AKN 22 No RF
13.05.13 Tvedestrand 14:00 HOMB 53 No RF

4 - 07.06.13 Sel 08:50 DOMB 26 Yes RF
5 - 10.10.13 Birtavarre 21:00 JETT 20 Yes RF

15.10.13 Burfjord 20:30 JETT 80 No data RF
28.06.14 Narvik 18:00 TRO 117 No RF

�6 - 25.07.14 Eidfjord 17:26 SKAR 71 Yes RF
27.06.15 Lofoten 17:00 LOF 100 No RF
07.09.15 Osterøy 04:30 BER 18 No RF

7 - 05.12.15 Sauda 07:00 ODD 24 Yes RF
8 - 23.02.16 Mo i Rana 20:45 KONS 37 Yes RF

25.11.16 Stjørdal 09:00 TBLU 68 No data RF
�9 - 08.05.17 Geiranger 15:50 AKN 10 Yes RA
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12.07.17 Flekkefjord 07:00 SNART 24 No data RF
19.08.17 Hemne 12:00 TBLU 67 No data RF
06.11.17 Tyssedal 12:14 ODD 18 No data RF
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Svalbard events

The snow avalanche dataset consisted of 2 events only, one occurring in
2015 and the other in 2017. Both avalanches happened from the mountain
Sukkertoppen in Longyearbyen (Figure 6.4). The corresponding seismograms
were downloaded from NORSAR’s database, using GMT time equivalent to
local time on Svalbard. For both an exact location and date was determined.
For the 2015 avalanche, the exact time was confirmed through NVE’s official
report concerning the snow avalanche. The time was not found for the 2017
avalanche. The debris avalanche that happened in Carolinedalen, north of
Longyearbyen in 2016 is also presented in figure 6.4.

Figure 6.4: Spatial distribution of snow avalanches and the debris avalanche
on Svalbard. Number of events = 3. Black triangles show the distribution of
seismic stations.
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Table 6.5: List of analysedsnow avalanches and debris flow on Svalbard. Seismograms are presented for all three.
The stars and red numbers shows for which landslide event a seismogram is presented in the seismic data section in
chapter 6 and in the appendix. SA = snow avalanche. DF = debris flow.

Date Location Time of Station(s) Dist. landsl- Landslide indu- Landslide
occurrence station(km) ced waveform type

�1 - 19.12.15 Longyearbyen 10:23 SPITS 16 No SA
�2 - 21.02.17 Longyearbyen 12:10 SPITS 16 No SA
�3 - 08.08.16 Carolinedalen 16:34-16:36 SPITS 20 Yes DF
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6.1 Seismic data

Seismic data existed for only 66 of the 116 analysed mass movement events
(Table 6.6). Figure 6.5 shows the spatial distribution of these. For the 50
other events either there was no seismic data on the online sources, or an
exact timing (accuracy <12h did not exist) could not be found thus no ana-
lysis was completed for these. The seismograms presented in the following
sections are examples of seismic data after processing has been done. These
will also be analysed/discussed here. Only a selection are presented in the
following (those with �in the tables), but more seismograms examined in the
thesis are presented in appendix A, both mass movement-induced, and not
mass movement-induced (in the latter, signals induced by noise, explosions,
unidentified sources etc.). The time is shown on the horizontal axis, in local
time unless otherwise specified, and the station components on the vertical
axis. The Z, N-S and E-W components are shown on top, middle and bottom
respectively on the seismograms. The numbers in the heading for each result
correspond to the number in the tables 6.2 - 6.5, and the numbers in the
figures 6.6, 6.12 and 6.18. The red vertical lines on the Z-components mark
the start and end of the believed landslide-induced signals. A general com-
ment which accounts for all seismograms is that the chosen bandpass filter,
presented individually for each signal, was chosen because within this fre-
quency range the signals appeared most evident and least noise. The results
in this section show mostly data where the signal is believed to be induced
by landslides. More results are found in the appendix.

Table 6.6: List of mass movement datasets, number of how many waveform
signals that exists for each type and how many of these that are induced by
mass movements.

Mass movement Number of Signals found
type seismic data

(Quick) clay slides 27 10
Debris avalanches 22 12 (+1 Svalbard)

Rockfalls 15 9
Snow avalanches 2 0

Total 66 32
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Figure 6.5: Spatial distribution of mass movements for which the seismic
waveforms could be found and analysed. Mainland Norway and Svalbard on
top left are not to scale. Total number of landslides = 66.
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Waveforms from the clayslide dataset

From the clayslide dataset, waveform data existed and could be downloaded
only for 27 events. The shape for 10 of them were interpreted to be the result
of clayslides. Their spatial distribution is seen in 6.6. The remaining 17 did
not have a shape related to clayslides. They are all filtered between 2-4 Hz,
1-5 Hz, 5-10 Hz and 10-15 Hz.

Figure 6.6: Spatial distribution of clayslide events where seismogram shows
a clayslide-induced waveform. Number of clayslides = 10.



60 CHAPTER 6. ANALYSIS OF RESULTS

�3) Alta, 27th of July 2010, 23:15.
The clayslide in Alta happened in the evening after a period of intense rain
(Sokalska et al., 2015). No houses were affected by the event, however, the
clayslide was enormous and five acres of land were destroyed according to
the mass movement database and an article by Altaposten (Eilertsen, 2010).
Figure 6.7 show the induced waveform from the clayslide. The signal shows
3 or even 4 areas of increasing and decreasing amplitudes. The main signal
form in the middle starts increasing at 23:15:56 and decreases back into the
noise at 23:16:44. The clayslide-induced, 5-10 Hz bandpass filtered signal has
a duration of 1 minute and 40 seconds. It is recorded at station KTK, at
a distance of 123 km from the clayslide’s location. A similar shape can be
observed in all components.

Figure 6.7: Clayslide in Alta, 27.07.2010 at 23:15. Recorded at seismic sta-
tion KTK 123 km from the clayslide. The signal is bandpass filtered between
5-10 Hz and the main signal has a duration of 1 minute and 40 seconds.

The clayslide induced signal clearly stands out from the noise. One can
observe 3-4 areas of increasing and decreasing amplitudes. All can be result
of clayslides that have a retrogressive movement where parts of the clay mass
slide at different times and induce the signal as seen in the figure above.
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�Gjerdrum, 20th of May 2012, 08:30.
The clayslide in Gjerdrum the 20th of May 2012 is according to NVE’s data-
base triggered by excavation in a slope. A storehouse was taken by the slide,
and a residential building was evacuated due to the danger of more clayslides
(Bakke, 2012). The signal below is well associated in time with the clayslide
in Gjerdrum. It fits the time of occurrence in the mass movement database
perfectly, and the distance from the clayslide to the station OSL was only 24
km. However, the shape of the signal has a very abrupt onset and decreases
slowly. This is true for all components in the seismogram. Landslides are
known to leave a shape with increasing onset and decreasing offset. Not
an abrupt onset and decreasing offset as seen here. With all other signal
types considered, this signal seems more likely to be a result of a teleseismic
earthquake, explosion or noise. After all, the location is close to Oslo where
there is - without having this confirmed - often ongoing construction work or
similar activities inducing vibrations into the ground. An explosion-induced
signal would probably be shorter than this in the figure so more likely it
comes from an earthquake. If one would have zoomed out a bit more, this
signal can be similar to the signal in figure 3.13. In this study there was in-
sufficient time to cross-check this with an earthquake database. This figure
is presented to show that not all seismograms were believed to be induced by
landslides even though it fits well with the time of occurrence and location.

Figure 6.8: Clayslide in Gjerdrum 20.05.2012 at 8:32. It is recorded at station
OSL 24 km from the slide, and is bandpass filtered with frequencies 1-5 Hz.
The main signal duration is from 08:32:30-08:33:00.
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�8) Minnesund, 14th of July 2013, 19:45.
The clayslide is according to information from NVE’s database caused by a
water leak or erosion from a river and caused damage to a irrigation system.
The seismogram shows a cigar shaped signal on all components, which lasts
from 19:46:50 and ends at 19:49:00 approximately (signal between red marks)
(Figure 6.9). There are also a few short spikes in the signal. The signal is
bandpass filtered with frequencies between 10-15 Hz, and the distance from
the clayslide to station NORES was 44 km.

Figure 6.9: Clayslide close to Minnesund 14.07.2013. Station NORES recor-
ded the signal 44 km away, and it is filtered between 10-15 Hz. Duration of
the main signal is approximately 2 minutes. No red lines mark start and end
on this seismogram.

This long-lasting signal is visible on all components of the seismogram. There
is not much information about this clayslide that can be found, so it can only
be confirmed that this signal is induced by a clayslide by looking at the signal
shape, the filter frequencies and that it corresponds to the timing from the
landslide database.
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�9) Drag̊asen Trondheim, 13th of August 2013, 15:55.
The clayslide the 13th of August affected trees, a house and railway tracks
according to the local newspaper Trønderbladet (Nakrem, 2013). The article
does not state the reason for why the clayslide happened, but it says that
there was high water flow in a river close to where the clayslide happened
which could be attributed to the cause. Two people were evacuated from
the clayslide area, but no-one was harmed. The seismogram related to the
clayslide in figure 6.10 shows a signal that lasts for 3 minutes (15:55-15:58).
The part of the signal which has the classic cigar shape (increasing amp-
litude onset and decreasing amplitude offset), starts at 15:55:50 and ends at
15:56:50, with amplitude peak at 15:56:00. The duration is approximately
1 minute. The signal is bandpass filtered with frequencies between 1-5 Hz.
The distance from the landslide to the closest seismic station TBLU was 45
kilometers. All three components have a similar shape.

Figure 6.10: Clayslide in Drag̊asen Trondheim 13.08.2013 recorded by TBLU
at a distance of 45 km. The main signal is 1 minute long and it is filtered
between 1-5 Hz.
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�10) Sørum, 10th of November 2016, 14:55 (GMT).
This quick clay slide is well known from media due to its great size and that
3 men were taken by the slide. All 3 unfortunately lost their lives and only 1
is extracted from the masses. The reasons why the quick clay slide happened
are believed to be natural causes such as erosion in rivers and streams, in
addition to human activity in form of excavation and filling (Joanssen and
Mordt, 2016). It happened at 14:55 (GMT) and induced a signal as shown
in figure 6.11. The main signal goes from approximately 14:54 to 14:59, so
4-5 minutes (the part between red marks). The signal in the seismogram is
bandpass filtered between 10 to 15 Hz. Only the Z and N-S components are
shown as there were no data for the E-W component. The signal could not
be seen on records from the closest station OSL (25 km away), yet it could
be observed on NOA which is located 77 km north of the quick clay slide
location. There are some short cigar shaped pulses in addition to the main
signal in the seismogram. This can be due to activity close to the station,
otherwise it can be due to rupture or initial movements before the main slide.

Figure 6.11: Clayslide in Sørum 10.11.2016 at 14:55 (GMT). The signal is
recorded at NOA 77 km from the clayslide. The E-W component had no data
for this event. The main signal lasts for 4-5 minutes and the BPF used is
10-15 Hz.
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Waveforms from the debris dataset

Seismograms for 22 debris avalanches and debris flows were investigated by
analysing the signal’s waveform. 12 (+1 Svalbard) of these had a waveform
that could be interpreted to be result of debris events (Figure 6.12). Which of
these, are presented in table 6.3 and 6.5 with a ”yes” in the second right-most
column. The common feature for all the seismograms is the recognisable cigar
shaped form, seen as an increase in signal amplitude followed by decreasing
offset. All lasts for minute(s) and are bandpass filtered between 2-4 Hz, 1-5
Hz, 5-10 Hz and 10-15 Hz.

Figure 6.12: Spatial distribution of debris events where seismogram shows a
debris-induced waveform. Number of debris flows and debris avalanches =
12 (+1 on Svalbard).
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�2) K̊afjord, May 16th 2010, 11:20.
The signal related to the debris avalanche in K̊afjord the 16th of May 2010
has an irregular shape with several individual pulses. However, one can see
three parts of increasing and decreasing amplitudes creating the recognisable
cigar shape. The duration of the three vary, and the longer ones last for
about 40-50 seconds (left and middle cigar shape) and the shorter one lasts
for about 20-30 seconds (right-most). The total duration of the seismogram
is 3 minutes and 20 seconds. All of the components have a similar form.
The current closest station to K̊afjord is JETT, however, this did not exist
in 2010 therefore the signal is recorded at the closest station at the time of
the event, TRO.

Figure 6.13: Debris avalanche in Kaafjord May 15th 2010 at 11:20. The
three parts of the signal lasts about 40-50 seconds (left and middle) and 20-
30 seconds (right). The signal is bandpass filtered between 2 to 4 Hz. Distance
from debris avalanche to seismic station TRO is 60 km.

Even though the signal is irregular it does fit with the time of occurrence
of the debris avalanche from Pettersen (2010). The article states that this
is a huge event, therefore all three parts in the seismogram can be result of
the debris avalanche. The avalanche might have been broken into several
parts, which have induced the waveform as seen on the seismogram. Or, a
retrogressive movement can be the reason for this shape. Such a signal shape
can be seen in the middle debris flow signal from Walter et al. (2017) so it
is likely that it is induced by the debris avalanche (Figure 3.12). As a mass
of debris moving down-slope can move both slow and fast it is reasonable
that the signal lasts for minutes. This is supported by the same seismogram
example in Walter et al. (2017) which lasts for tens of minutes. There are
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a few pulses or spikes in the seismogram, whom can have been induced by
rocks in the debris. Similar individual pulses are seen on a seismogram from
a study by Burtin et al. (2016), where in the article present seismograms
induced by a debris avalanche. Thus, the signal shape in figure 6.13 has
characteristics similar to known debris avalanche-induced seismograms and
can definitely be result of debris avalanche.

�7) Signaldalen, 14th of July 2012, 13:11 and 17:39.
A master thesis by Dyrvik (2014) confirms the occurrence of debris flows in
Signaldalen on this date, at 13:37 and 17:39 in the afternoon. Only the first
is registered in the mass movement database. The area where the debris
flows occurred was exposed to several debris flows on this particular day, and
they came after a period of intense precipitation. The same information is
found in the description of the landslide in the database from NVE. The sig-
nal recorded at station TRO at 13:11 has two distinct cigar shaped sections
(Figure 6.14). The first starts right before 13:11 and ends at 13:12:10, a dur-
ation of about 1 minute and 10 seconds. The second starts at 13:12:40, last
almost for 1 minute, until 13:13:35. It is bandpass filtered with frequencies
from 5-10 Hz and the whole seismogram has a duration of approximately 4
minutes. The distance from the landslide to station TRO was 64 km.

Figure 6.14: A debris flow-induced signal recorded 64 km from station TRO
in July 2012. Two parts of cigar shapes: first (left) starts right before 13:11
and ends at 13:12:10. Second (right) starts at 13:12:40 and ends at 13:13:35.
The signal is bandpass filtered between 5-10 Hz.

It is reasonable to believe that the signal in figure 6.14 is induced by one of
these debris flows referred to in Dyrvik (2014), even though the timing has a



68 CHAPTER 6. ANALYSIS OF RESULTS

30 minute deviation from the time given in Dyrvik (2014). The signal shape
is similar to the debris flow signal in K̊afjord, however, there is less noise in
this seismogram and the signal appears clearer, more like the signal in figure
3.12.

Figure 6.15 shows a signal recorded at the same time as the occurrence of
a debris flow in Signaldalen at 17:39 in the afternoon. The vertical and N-
S components show a sharp and abrupt beginning of the signal at 17:46:34,
followed by a peak at 17:46:36. After, the signal’s amplitude decreases slowly
and ends at 17:47:05 approximately. The main shape in the E-W component
has a slowly increasing onset and decreases as the other components, and has
a more cigar shaped form. This part lasts for a minute. The 1-5 Hz bandpass
filtered signal is also recorded at TRO station 64 km from the debris flow.

Figure 6.15: Signal possibly induced by a debris flow in Signaldalen July 2012
at 17:39. Duration of main signal is 30-50 seconds depending on component.
It is bandpass filtered between 1-5 Hz at station TRO 64 km away.

The signal at the vertical and N-S components are however reminiscent of
those induced by earthquakes or explosions (Figure 3.13). Since it fits very
well with the time of the debris flow from Dyrvik (2014) and the E-W com-
ponent has a shape well-known for landslides, it is likely that a debris flow
induced the signal. However, the shape of the two other components and the
relative short duration of the signal makes it challenging to surely determine
whether the signal is debris flow induced or not.
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�10) Oldedalen, November 15th 2013, 21:47.
This debris avalanche was registered in the landslide database at 23:00 in the
evening. A newspaper article mention that there were 5 debris avalanches in
Oldedalen this evening (Felde, 2013). Hence, the signal presented below can
be induced by one of the other avalanches and not the one at 23:00. According
to Gytri and Svanes (2013) there were great amounts of precipitation that led
to the debris avalanches. This rainfall is confirmed through www.xgeo.no. In-
formation from NVE’s landslide database and NRK (Gytri and Svanes, 2013)
tells that the debris avalanche cut a power line and blocked the only road to
the village. No people were directly affected by the avalanche. Figure 6.16
present signal believed to be induced by one of the debris avalanches. The
seismogram has a total duration of 2 minutes and 30 seconds. There main
part of the signal presenting the cigar shape lasts from 21:47:22 to 21:48:58.
There are a few (3-4) conspicuous spikes, or pulses, in the seismograms, more
evident in the Z-component than in the N-S and E-W components. The sig-
nal is bandpass filtered between 5-10 Hz and the distance from the landslide
to the closest station AKN was 51 km.

Figure 6.16: Seismic signal induced by a debris avalanche in Oldedalen in
November 2013 at 21:47. Recorded by station AKN 51 km from the landslide.
Bandpass filtered between 5-10 Hz. Duration of main signal is 1 minute and
40 seconds.

There is no visible landslide-induced signal at 23:00, which is when the debris
avalanche is registered at in the database. The reason why this is not ap-
parent could for example be because the mass’ volume was not large enough
to induce a signal at this distance, or that the landslide database presents
a wrong time of occurrence. The signal at 21:47 has a shape similar to the
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seismogram from K̊afjord in figure 6.13, which amplifies the assertion that
this is debris-avalanche induced. Pictures from Gytri and Svanes (2013) show
stones along with the debris, and these may have caused the spikes/pulses
that can be seen on the seismogram.

�11) Vetlefjorden, 15th of November 2013, 21:01.
Figure 6.17 presents a signal induced by a debris flow in Vetlefjorden at 21:01
in November 2013. This event happened on the same date as the Oldedalen-
slide (above), at the same time, at 23 in the night. No waveform could be
observed at this time on the seismogram. Using the 2-hour deviation criteria,
resulted in that the only possible signal which could be induced by a debris
flow is the one in figure 6.17. Also in this area there were huge amounts of
precipitation. NRK states that there were about 10-12 landslides this evening
(Svanes, 2013b). Consequently, this signal could then be induced by a differ-
ent landslide than the one from the mass movement database from NVE, as
the Oldedalen-landslide. Damage to about 20 acres of land was done (Svanes,
2013b), but none to people or property. All components in the seismogram
show a clear and neat cigar shape, in form of increasing amplitude onset and
decreasing offset, that lasts from approximately 21:01:32 - 21:01:51, a total
of 19 seconds. The whole seismogram lasts for approximately 1 minute and
30 seconds. It is bandpass filtered with frequencies from 5 to 10 Hz and the
distance from the landslide to station HYA is 28 km.

Figure 6.17: Signal from a debris avalanche in Vetlefjorden November 2013.
Seismic station HYA recorded the signal 28 km from the landslide. The main
signal has a duration of approximately 30 seconds.



6.1. SEISMIC DATA 71

Waveforms from the rockfall and rock avalanche dataset

Of the 15 events, 9 seismograms showed a signal which seem to suggest they
were induced by rockfalls or rock avalanches (Figure 6.18). The 15 events
where seismic data exists are marked with bold text in table 6.4, and those
where the signals have a shape believed to be induced by rockfalls is marked
with ”yes” in the second right-most column. A few representatives are shown
here.

Figure 6.18: Spatial distribution of rockfall/rock avalanche events where seis-
mogram shows a rock-induced waveform. Number of events = 9.
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�1) Odda, May 15th 2004, 07:09.
The rockfall in mid-May 2004 happened in the morning and was registered
by seismic stations all over Norway (Melkeraaen, 2004). This provides a
precise time of occurrence, and the event is confirmed in UiB’s database. No
information about damages or cause of the rockfall were reported. Waveform
data for the rockfall did not exist online, but it was received by e-mail from
Marte E. Strømme at UiB where the seismic database is located. This file
contained waveform data for the vertical components for stations ASK, BER
and EGD. EGD is a station in Espegrend, close to Bergen, but it does not
run anymore. Nevertheless, the 1-5 Hz bandpass filtered signal has a cigar
shaped form and lasts for 56 seconds (from 07:09:45 - 07:10:41). The signal
appears from the noise and fades back into the noise. Why the nearest station
ODD was not used is not is clear.

Figure 6.19: Rockfall in Odda, May 2004 induced this signal on stations
ASK (top), BER (middle) and EGD (bottom). The signal is bandpass filtered
between 1-5 Hz and lasts for 56 seconds. Confirmed through UiB.
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�2) Kjerag, July 30th 2011, 09:28
This is believed to be the signal from a rock avalanche in Kjerag in southw-
est Norway where the rock masses fell into Lysefjorden and caused a small
tsunami. It led to damage to two boats, houses nearby were shaking due to
the induced vibrations, yet no people were hurt (Grimen, 2011). The main
signal amplitude increases at 9:29:06 and lasts for about 30 seconds, until
9:29:38. The 10-15 Hz bandpass filtered signal is recorded at station BLS 39
km away.

Figure 6.20: Signal believed to be induced by a rock avalanche in Kjerag the
30th of July 2011. It is recorded at seismic station BLS 39 km from the
avalanche and is bandpass filtered between 10-15 Hz.

The signal does not have the clear cigar shaped form. Initially, the first
pulse was thought to be induced by a p-wave from an earthquake and the
second amplitude increase was due to the s-wave and surface waves, but
comparing this signal to the earthquake induced signal in figure 3.13 one
can see that the signal’s shapes are not similar at all. Therefore, since the
time of occurrence of the rock avalanche corresponds to the one in the mass
movement database, distance to recording station and filtering frequencies
are typical of those for rockfalls/rock avalanches it is believed to be induced
by this. If there had been more time further analysis could have been done
in form of cross-checking the event with the earthquake catalogue, but this
has not been done.
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�6) Eidfjord, 25th of July 2014, 17:26.
The rockfall in the evening of the 25th of July 2014 was recorded by station
SKAR 71 km from the avalanche site. NVE’s database provides information
about damage to a boathouse and a cabin, but no harm was done to people
according to the local newspaper (Kvamme, 2014). None of these sources say
anything about the reason for the rockfall, but according to www.xgeo.no,
there was measured 10-20 mm precipitation in Eidfjord this day, which may
have contributed to the rockfall. The corresponding seismogram do to some
extent have a gradual onset and offset (Figure 6.21). There are several spikes
that sort of makes a cigar shape which lasts from 17:28:40-17:30:10. It is
bandpass filtered between 10-15 Hz.

Figure 6.21: Signal from rockfall in Eidfjord July 2014 recorded at SKAR 71
km from the rockfall site. The main part of the 10-15 Hz bandpass filtered
signal has a duration of 1 minute and 30 seconds.

The signal has many individual spikes. They can be result of bouncing rocks
down the slope inducing ground movements recorded as spikes. The induced
signal is a bit long for being a rockfall (90 seconds), however, this length
and signal form is comparable to seismograms from rockfalls in studies by
(Helmstetter and Garambois, 2010) and (Lacroix and Helmstetter, 2011).
The signal in figure 3e from Helmstetter and Garambois (2010) has a similar
shape as 6.21, but the Helmstetter-one only lasts for about 20 seconds. The
latter duration might be more what one expect as the duration of a rockfall.
However, the characteristics around these are not known so it’s difficult to
determine. The signal from Lacroix and Helmstetter (2011) lasts for more
than a minute so this is comparable to the length of the main signal from
the rockfall in Eidfjord.
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�9) Geiranger, May 8th 2017, 15:45.
The rock avalanche happened in May 2017, which created an approximately
1 meter high wave. The wave caused little damage to a bay in Geiranger,
otherwise no damage was reported. The seismogram has a narrow cigar
shaped part in the beginning of the signal (Figure 6.22). This lasts for only a
couple of seconds (15:45:46-15:45:48 approx.). The second cigar shaped part
springs out of the first, and lasts for about 15-20 seconds (15:45:49-15:46:05
approx.). The signal is bandpass filtered between 5-10 Hz and is recorded at
station AKN 10 km from the rock avalanche.

Figure 6.22: Rock avalanche (v >10 000 m3) in Geiranger May 2017 recorded
at AKN 10 km from the avalanche site. The main part has a duration of 10-
20 seconds and is filtered between 5-10 Hz.

The waveform file for this particular example was received by e-mail from
Marte Strømme at UiB, and this is confirmed to be induced by a rock ava-
lanche. There is also a newspaper article that present the same seismic signal
and reviews the event (Gamlem and Brunstad, 2017). The form of the signal,
especially the second part, is similar to signals presented in several articles
such as (Lacroix et al., 2012), (Helmstetter and Garambois, 2010) and (De-
paris et al., 2008).
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Waveforms from the snow avalanche dataset

Seismic data was downloaded from station SPITS for both snow avalanches.
In spite of the existing seismic data, the signal waveforms were not believed
to be induced by snow avalanches. Nevertheless, the seismograms are shown
below. The distance from the avalanches in Longyearbyen to the station was
16 km. Waveform data for the debris flow that took place in Carolinedalen
existed and the signal is shown in figure 6.25. No map was made to show
the spatial distributions since only the three events will be presented their
location can be seen in figure 6.4.

�1) Longyearbyen, 17th of December 2015, 10:23 (GMT)
A big snow avalanche happened at Sukkertoppen in Longyearbyen at 10:23 in
the morning the 17th of December 2015 (DBS, 2016). It hit and smashed 11
houses, 200 people were evacuated and 2 people died. Due to the big impact
on the society the event was well covered through media. A specific reason
for why the snow avalanche happened was not clear, but it is believable that
strong winds may have been a decisive factor for the snow pack to slide. The
seismic signals from the nearest station SPITS 16 km away was analysed to
see if the snow avalanche could be seen on the seismogram. The seismogram
is shown in figure 6.23 and there is a signal that corresponds with the time of
the snow avalanche. It is bandpass filtered with frequencies between 15-23 Hz
and does have a shape that could be believed to be from a snow avalanche.
The signal amplitude increases at 9:23:15, is constant for approximately 20
seconds before it fades back into the noise at 09:23:36. All components show
the same shape.

The same waveform as seen in the figure 6.23 was observed several times
both before and after the time of the snow avalanche event. Therefore, it is
believed that the signal shown here is not a result of snow avalanche activity.
This could instead be signals induced by wind gusts. According to www.yr.no
there were strong winds in Longyearbyen on this date. SPITS is an array,
but only station SPA0 is shown here. Nevertheless, all stations showed the
same shape. The accurate time of the snow avalanche event was found in
the official report by Indreiten and Svarstad (2016) hence it was only at this
time the signal could be induced on the seismogram.
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Figure 6.23: Signal recorded at station SPITS at the same time, 10:23, as
the avalanche in Longyearbyen December 2015. Time is shown in GMT.
The distance between the station and the snow avalanche was 16 km, and the
main signal lasts for 20 seconds. BPF 15-23 Hz.

�2) Longyearbyen, 21st of November 2017, 10:47 (GMT)
The snow avalanche in 2017 happened from the same mountain, Sukkertop-
pen, as the one in 2015. A layer of snow that sled on a crust layer induced
a slab avalanche which smashed three houses, but no humans were injured.
The seismogram from the snow avalanche did not show an obvious snow ava-
lanche induced signal either. Bandpass filtering with frequencies between 1-5
Hz and 5-10 Hz did not show any signal at all. When filtering with 10-15 Hz
and 15-23 Hz one could observe a weak amplitude increase and cigar shape
form, as in the middle part of 6.24. However, the signals are very noisy
and uncertain. In addition, an accurate time of occurrence was not reported
anywhere so this is very much a guess. The signal from 10:47:23-10:47:30
(GMT) has a clearer cigar shape form compared to figure 6.23, but it does
not clearly stand out from the noise, thus it’s not easy to be certain of it’s
origin. It is also difficult to be certain due to that there is no exact time of
occurrence either in newspaper articles or the official report (Landro et al.,
2017). Consequently, the signal below can be induced by the snow avalanche
in 2017, but it could also be noise from for example wind.
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Figure 6.24: Signal possibly induced on station SPITS 16 km from the snow
avalanche in Longyearbyen in 2017. The signal is bandpass filtered with fre-
quencies between 15 and 23 Hz. Duration of the main signal is approximately
8 seconds.

�3) Carolinedalen, 8th of August 2016, 14:34 (GMT).
A debris avalanche took place in Carolinedalen on Svalbard in August 2016
at 16:34 local time. It was observed by helicopter a while after the actual oc-
currence. There had been periods of precipitation in the days before the 8th,
which is believed to be a contributing cause to the debris avalanche. The seis-
mograms related to this event did actually show the expected waveform for
debris avalanches. The example in figure 6.25 presents the vertical, N-S and
E-W components from station SPA0, in addition to the vertical components
from stations SPA1, SPA2, SPA3 and SPB1. All of them have a cigar shaped
form, however the length of the vertical (Z) component’s signals last longer
than the N-S and E-W components. The Z-components lasts approximately
50 seconds, with the main gradually increase and decrease from 14:35:00 to
14:35:22 approximately. The N-S and E-W signals are shorter. Neverthe-
less, they all show the cigar shaped form. This waveform was observed with
bandpass filters 2-4 Hz, 1-5 Hz and 5-10 Hz, but clearest with 2-4 Hz as used
in the figure. When trying bandpass filter 10-15 Hz and 15-23 Hz there was
no clear waveform. The distance between the landslide and seismic array
SPITS was 20 km.

The signal was confirmed by NORSAR through Røsvik (2016) to be induced
by the landslide. This article present the signal in figure 6.27 and one can
observe that it is recorded at the same time as figure 6.25. They do also
have a similar shape. The article does not show which stations or which
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Figure 6.25: Debris avalanche in Carolinedalen, Svalbard August 2016 at
14:34 (GMT). The seismic signal is recorded by station SPITS 20 km from
the debris avalanche, and lasts for around 20-30 seconds. BPF = 2-4 Hz.
Signals from station SPA0, SPA1, SPA2 and SPA3 are presented.

filters are being used, but by filtering the signal from 6.25 with bandpass
frequencies 5-10 Hz one can clearly see the similarity. The latter can be seen
by comparing figure 6.26 and 6.27.

Figure 6.26: Debris avalanche in Carolinedalen, Svalbard August 2016. Seis-
mic station SPITS recorded this signal at 14.34 (GMT). Bandpass filtered
between 5-10 Hz.
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Figure 6.27: Debris avalanche in Carolinedalen, Svalbard August 2016. BPF
believed to be 5-10 Hz. From Røsvik (2016).

Some results that at first were believed to be positive, were later on cat-
egorised as negative. The signal (Figure 6.23) corresponding to the time of
the snow avalanche on Svalbard in 2015 had a cigar shaped form, yet it is
not believed to be induced by the snow avalanche. The shape and duration
of the signal appear similar to landslides’, but the signal here is filtered at
higher frequencies (15-23 Hz). In agreement with Andreas Köhler at UiO,
we thought this signal was result of wind gusts instead of snow avalanches
due to the same waveform appearing several times both before and after the
time showed in figure 6.23, and since there was strong wind in the area ac-
cording to www.yr.no. The snow avalanche in Longyearbyen in 2017 has a
seismogram where one can to some extent observe a cigar shaped form, but
noise both before and after the main signal makes it difficult to see a proper
waveform. The signal is short (8s), there is a lot of noise and filtered at high
frequencies (15-23 Hz), in addition information of time of occurrence was
nowhere to be found, ensuring too many uncertainties for the signal here to
be classified as snow avalanche induced. A scientist at the EGU conference
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in Vienna in April 2018 presented his work within the same topic and he
had only been able to see snow avalanche-induced signals on seismic records
where the distance between avalanche and seismic station was less than 2 km.
No written source is found on this, but it was still interesting and relevant
in this case. This information supports the argument why the waveforms
in figure 6.23 and 6.24 are not from snow avalanches. I believe the theory
could be tested by deploying a temporary seismic network close (<2 km) to
a snow avalanche prone site. Again, the volume of the mass movement will
play a role in how far the induced vibrations will reach, but this is difficult
to control in nature.
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Chapter 7

Discussion

7.1 Correlation between signal characterist-

ics in literature and present project

Were the signal characteristics in agreement with similar processes
as in literature?
The literature study presented in section 3.5 gave a good introduction to the
topic, and from this I gained an understanding of how the analysis could be
conducted. However, most articles present studies which are purposely done
in a defined area close to a seismic network where it is known that many mass
movements occur, or in areas where the network of seismic stations is dense.
Some sites even had visual recordings (cameras) of the mass movement site
which made the researchers know accurately when a landslide or snow ava-
lanche happened (Hibert et al. (2017), Dammeier et al. (2011)). This made
it possible to calculate the volume of the mass movement and additionally
know the exact time of occurrence which is highly useful for knowing expli-
citly when to look for the characteristic signal shape on the seismogram. For
a few studies a seismic network was deployed in mass movement sites pur-
posely for this type of study, hence good data coverage was obtained. This
amount of information and network density was far from the reality in the
case of Norway. Since this is pioneering work in Norway, there is unfortu-
nately a lack of background information on the topic. The majority of the
mass movement events did not present information about the volume, and
an accurate time of occurrence did not exist for all events. If the latter exis-
ted for all, the whole study could have been performed much more efficiently
as one would know exactly when to look for a signal shape on the seismogram.

83
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The 37 seismic stations in mainland Norway and Svalbard are spread over an
area of 385 000 km2, hence there are large distances between the stations. The
normal distance between the seismic stations in Western, Southern and East-
ern Norway is approximately between 70-110 km. In Central and Northern
Norway it’s a bit further, around 150-160 km between the seismic stations.
In some cases there were only 10s of km between the stations, but these were
exceptions. With such large distances between the stations there will also be
long distance between the mass movements and the nearest stations. This
may result in that the mass movements’ energy does not reach the stations
hence no signal is recorded. The distances between the stations in Norway
are longer than what’s normally presented in the literature. More about this
in section 7.3. How far the induced energy reach depends on the volume of
the mass movement, but since no such information was available it has been
challenging to determine how far the energy can have traveled. Therefore,
only time, date and location of mass movement incidents have been used
to see if a signal with gradual increase and decrease could be observed on
one of the closest seismic stations to the landslide or snow avalanche. This
lead to detection of many landslide-induced signals on the seismograms, but
I believe the volume could be used to determine if the size of the landslides
was the reason for why not all could be detected.

The signal forms and characteristics from the articles (for example from Dam-
meier et al. (2011), Helmstetter and Garambois (2010), Álvarez et al. (2003))
referred to in table 3.1 are in good agreement with those found during the
analysis of the seismograms. Since snow avalanches were not recorded a com-
parison could not be done for these. Generally, there is great variation in
signal shapes on seismograms due to different types of landslides inducing
them. One can clearly distinguish between signals induced by explosions,
noise, earthquakes and mass movements, but not between signals induced
by the different landslide types. A literature study is essential since know-
ing which signal form to look for is crucial, but it is also important to have
knowledge about what to expect in form of duration of signals and filtering
frequencies. The various articles and reports showed matching characterist-
ics, and these were the foundation for what I looked for in the analysis.



7.2. REGISTRATIONOFMASSMOVEMENTS ON PERMANENT SEISMIC STATIONS85

7.2 Registration of mass movements on per-

manent seismic stations

Have the occurrences of past mass movement events in Norway
been registered by permanent seismic stations?

To choose which mass movement events to focus on was a challenge due to the
amount of events included in the database ( >60 000) and the many different
types of mass movements. The choice was made based on knowledge that the
chosen mass movement types occur frequently in Norway, and that literature
had shown that these types have the possibility to induce vibrations that
are recorded by seismometers. The physical process of creating four datasets
including mass movements in clay, debris, rock and snow, was simple by
using ArcMAP. The cross-check procedure was a time-consuming and tedious
process since I had to search online to confirm every single event (almost 200),
and in many cases I had to go through several newspaper articles to find the
time of occurrence, which was often not documented. Nevertheless, a cross-
check had to be done and when this process was finished the four datasets
consisted of 116 mass movements in total. The analysis of seismograms could
not be done for the events where the precise time was not found. To analyse
24 hours of data would be too time consuming since each file with waveform
data only had 1h. The events where there was no time information available
are identified in table 6.2-6.5 with ”no time” or ”no data” in the second
right-most column.

Installing SEISAN was a very time consuming element in the process due
to data trouble. It took about two months to work out how to use the
program on the computers at the University in Oslo. After attempting to
get SEISAN to work on MAC and Windows, Linux ended up as the only
operating system being able to manage all waveform files. If anyone were to
do similar research in the future, it is recommend to use a program where
technical support is readily available to save time. Anyhow, when it finally
worked after good help from the University of Bergen, the analysis of the
seismic data could start which showed that several of the landslides actually
were recorded on the seismic stations. The signals had to be filtered for the
desired signal shape to appear, and filtering frequencies depended much on
the signal. Almost all signals that had the desired cigar shaped waveform
were filtered in the lower or middle range of the bandpass filters (2-4 Hz, 1-5
Hz, 5-10 Hz or 10-15 Hz) as shown on the seismograms in chapter 6.

The waveform’s shape have been discussed in detail in chapter 6, and all
mass movements that were believed to have induced a seismic signal made a
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form where one could observe a gradual increase and decrease in the signal’s
amplitude. In spite of the positive results, there were many seismograms
that did not show the desired waveform, but rather a waveform that could
be linked to earthquakes, explosions or noise (as seen in figures 6.8, 6.23 and
appendix). A few did not have any special shape at all, but looked like figure
5.3. Also, a few seismograms had a cigar shaped form, but only lasted for
1-2 seconds, thus they were very short and not classified as mass movement
induced. Reasons why some did not show any signal form could be because
the mass movement event was too small in volume to induce vibrations strong
enough to reach a seismometer. Or, it may have happened at a different time
than what was stated in the mass movement database.

A huge uncertainty about the whole study is that the mass movement data-
base does not provide an accurate time of occurrence for the events, which is
an important parameter. In many cases I have had to guess when the land-
slide’s happened based on the information extracted from the seismogram.
In some cases I found a signal shape that looked like it was induced by a
landslide, nevertheless, it is only a qualified guess. An accurate time would
make such research more efficient, and the findings more reliable. Still, where
location, frequency content, duration and signal waveform correlate, one can
be relative sure of the results. On the other hand, the uncertainty can be
turned the other way around: seismic signals can help give a more precise
time of landslides. Even though this has not been performed directly here,
I believe this could work well if one deployed a seismic network in an area
where there is a high incidence of mass movements. By reviewing and ana-
lysing the seismograms one could look for the characteristic mass movement
shape and through that determine the time of occurrence. To obtain the
accurate time is something I recommend to focus on when registering future
mass movements to the database. When registering a mass movement to the
database it is also important to determine which time format to use. Local
time for Norway compared to GMT, is in summer +1h while in winter +2h,
so having a system for how to register the time is important to be able to
find the correct seismogram.

Another issue that was encountered during the analysis was that one of the
online data sources did not provide waveform data for all years between
2000-2017. Many stations did only provide data from year 2007/2008, and
none showed data from year 2017. I believe this data exists on a server at
UiB, but it is not currently available online. Unfortunately, this problem was
discovered too late to receive data from UiB, except for a couple events. For
the majority, mass movements were analysed where data was found online.
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Many events could not be analysed due to the lack of data. Accessing the UiB
servers could not be done from Oslo, therefore all data had to be downloaded.
Having access to all existing data is of course the most optimal, and this is
recommended for the next person doing such research.

7.3 Characteristic features of the signals for

the mass movements

A comparison of the signals within the various sets of data showed that the
cigar shaped waveform appeared when using filters within the range 1-15
Hz (hence not 15-23 Hz). The filters 2-4 Hz, 1-5 Hz, 2-4 Hz, 5-10 Hz and
10-15 Hz did all display the cigar shaped waveform. Consequently, we can
state that the desired cigar shaped form appeared typically when filtered
in frequency range 1-15 Hz. The 2-4 Hz bandpass is ”within” the 1-5 Hz,
so the reason why this was used was because it was possible to do such a
bandpass in SEISAN. The 2-4 Hz signals were also apparent when using 1-5
Hz bandpass, but the seismograms showed even better signal forms when
using the 2-4 Hz. The histograms in figure 7.1 presents the distribution of
cigar shaped waveforms within each frequency range, and the bandpass filter
that provided most cigar shaped waveforms was 5-10 Hz. Besides this, there
was no clear correlation in terms of filtering. The waveform data comes
from induced vibrations in the ground, and vibrations carry energy. Low
frequencies travel further than high frequencies because low frequencies are
not absorbed as well as high frequencies. This might be why lower frequencies
reach the recording stations. On the other hand, there are more waveform
shaped seismograms for landslides in the 5-10 Hz frequency range than the
2-4 Hz and 1-5 Hz, so this contradicts the assertion. This could be because
the landslides do not generate waves at the lower frequencies. The landslides’
low frequencies are supported by i.e. Manconi et al. (2017), Dammeier et al.
(2011), Walter et al. (2017) and Álvarez et al. (2003) (see frequency ranges
in table 3.1). If a bigger dataset was used it may be possible to see a pattern,
but it is not clear with a small dataset as presented here.

Studies of the duration of the signals showed that the signals from rockfalls
and rock avalanches has a shorter duration than those of debris and clayslides.
The shortest clayslide had a duration of about 50 seconds and the longest
about 4 minutes (Figure 6.11). The average duration of clayslides was 1
minute and 30 seconds. The shortest event in the debris dataset lasted for
20 seconds (Figure 6.13), and the longest ran for 1 minute and 30 seconds
approximately (Figure 6.16). Here, the average duration was 47.5 seconds.
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Figure 7.1: Four histograms that present number of mass movements within
the different frequency ranges. Number of mass movements on top of each
histogram.

Finally, the shortest rockfall was over in 10 seconds, and the longest lasted
for approximately 1 minute. The average duration was 35 seconds. These
data are based on all ”yes”-events in the datasets, not only those illustrated
in chapter 6. Despite difference in average duration of the signals, this is not
as apparent when analysing every single event. Consequently, for the average
duration a trend could be observed, yet no clear feature could be determined
when analysing each single landslide event. Since the snow avalanches have
not induced seismic signals that were recorded, they will not be discussed
here.

The distance between the mass movements and seismic stations that induced
a waveform on seismograms were analysed in order to assess if there was a cor-
relation. This did however not show any clear relationship. Clayslides were
induced at short distances (<2km) and longer distances (123 km). Little
information regarding seismic detection of clayslides was found. Debris flows
and debris avalanches induced a seismic signal that could be recorded at dis-
tances up to 107 km. Similar results are shown in Allstadt (2013), De Santis
et al. (2016) and Burtin et al. (2016). For the rockfalls and rock avalanches,
the shortest distance between the landslide and stations was 17 km, and the
longest 71 km. Similar results have been seen in Dammeier et al. (2011), and
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Helmstetter and Garambois (2010). In McSaveney (2002) and Deparis et al.
(2008) rockfalls are recorded by seismic stations with distance up to 190 and
250 km respectively. The articles presented confirm that the landslides in
the projects can be detected at the distances presented here. For the snow
avalanches however, I believe the reason why they can’t be detected is that
the distance between avalanche and seismic station is too large. Articles on
the subject state that snow avalanches get detected by seismometers at a
distance of 1-3 km from the avalanche site Surin et al. (2000), Lacroix et al.
(2012). If one knew the volume of the events, this could be used to interpret
how far the various mass movements could reach, but this is not possible as
this kind of information does not exist.

I also investigated the distances between the seismometers and mass move-
ments that did not induce waveforms on seismograms to assess if this correl-
ated and could be compared to the previous section. However, there was no
correlation. The distances between the landslides and seismometers varied
from 14 km to 97 km for clayslides, 15 km to 106 km for debris flows/debris
avalanches and 18 km to 117 km for rockfalls/rock avalanches. This is similar
to the distances in the paragraph above. Consequently, the absence of signal
is not directly related to the distance between mass movement events and
seismometer.

With this in mind, I find it difficult to look at a signal on a seismogram and
determine directly which kind of landslide event led to that waveform. The
bandpass frequencies cannot be used, neither the signal duration as there
is no clear correlation between landslide type and duration of signal. The
only point could be that clayslides lasts longer than rockfalls. Not even
the distance between the mass movement and the recorded can be used.
Consequently, one needs information from a landslide database that states
time of occurrence to assess what kind of landslide that has caused the signal.

7.3.1 Noise

This thesis has not focused much on noise, nevertheless, this does not mean
that it does not exist. Noise can in fact be observed in most seismograms
and they affect the results. Where one can clearly observe mass movement-
induced signals on seismograms, they emerge from the background noise (also
called ambient noise) and fades back into the noise. In some seismograms
noise is dominating and the landslide-signal is obscured by the noise. Weak
signals can disappear in a seismogram that is strongly affected by noise.
Noise can also be results of explosions, earthquakes, human activity such as
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industrial work, to mention a few. The challenge with noise is to distinguish
what is noise and what is a mass movement-induced signal. At times noise
has the same waveform shape as mass movements in a seismogram, but the
duration is shorter or the filtering frequencies are different than what one
would expect from a mass movement. Figure 7.2 presents the E-W compon-
ent seismogram that correspond with the time of a rockfall in Tvedestrand
(in table 6.4). This shows noise in form of small waveform shapes throughout
the whole seismogram, but no clear waveform stands out which is often the
case when noise disturbs a signal.

Figure 7.2: Seismogram that corresponds with time of rockfall in Tvedestrand
13.05.2013. No clear rockfall-induced signal is observed, however, one can
see unidentified signal amplitudes which is classified as noise. The E-W com-
ponent from seismic station HOMB is bandpass filtered between 5-10 Hz, and
the total duration of the seismogram is 40 seconds.

7.3.2 Seasonal distribution of mass movements

The snow avalanches obviously occur in winter time, which is as expected
due to low temperatures and precipitation that falls as snow. The seasonal
distribution of the other landslide types vary throughout the year. Altough
the datasets consist of different numbers of events they can’t be directly
compared, I will try to reason why the seasonal distribution is as it is. The
majority of the clayslides occurred during the spring (March-May). This can
be due to large amounts of precipitation and snow melt in this period that
reduce the ion concentration in the sediment that is needed for the clay to
be stable. There is precipitation throughout the whole year in Norway and
the occurrences of clayslides is significant in all seasons (Figure 7.3). The
low occurrence of clayslides in winter is likely due to the fact that much of
the precipitation is preserved as snow and ice, hence less flowing water that
would otherwise trigger clayslides.

The majority of the debris flows and debris avalanches happened in summer
(June-August) and spring time as these also are mainly triggered by heavy
precipitation and snow melt. This type of landslide carry weathered debris
which gets deposited along the path. As there is usually a lot of precipitation
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in autumn, it’s a bit strange that the occurrences of debris events is lowest
in this period (Figure 7.3). It might be because a lot of the debris material
is already transported during spring and summer.

The rockfalls happening in summer time are likely due to frost weathering
in mountainous areas where it freezes during the night and thaws during
the day, a process known to induce landslides in rock. That is most likely
why there are a high number of incidents in autumn. In winter, when the
temperature is low, the water that fills fractures is more likely to be frozen
all day and night, which results in little or no movement, therefore one would
not expect high incidents of rockfalls or rock avalanches in this period.

Figure 7.3: Four sections of histograms that present number of mass move-
ments in the different seasons. Types of mass movements on the horizontal
axis, number of mass movements on the vertical axis. Number of clayslides
= 44, debris slides = 45, rockfalls/avalanches = 25, snow avalanches =2.
Total number of mass movements = 116.

Figure 7.4 shows yearly distribution of the mass movements from the study.
The debris dataset goes from year 2007-2017 and there is a high incidence
in year 2011 and 2013. Both years there were big floods, so large amounts
of water have likely influenced the occurrences (Pettersson (2011) and Roald
(2013)). This corresponds well with information from NGI (2014) which
says that debris flows and debris avalanches are easily triggered by heavy
precipitation and snow melt. The number of rockfalls and rock avalanches
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does not vary much from year to year. Only two snow avalanches are included
in the study so it is not really possible to look for a pattern with regards to
their occurrence. The occurrence of clayslides is somewhat higher in 2011,
2012 and 2013 than the others. This can be due to much water during the
floods. There was also a flood in 2012 (Beldring et al., 2012). Again, a larger
dataset would probably provide a better insight to see if there is a trend in
the yearly distribution of mass movements.

Figure 7.4: Histogram showing number of mass movements that occurred in
each year within the period 2000-2017. Years on horizontal scale, number
of mass movements on the vertical scale. The debris dataset only run from
2007-2017, while the others run from 2000-2017 even though there might
not be mass movements recorded for all years. The mass movements here
corresponds to the ones in table 6.1.

7.4 Can a specific station be used for local

early warning?

This study has proved that the permanent seismic network in Norway, de-
ployed to detect nuclear activity and earthquakes, can also be used for local
early warning. The waveform data presented in the figures in chapter 6 and
the appendix are evidence of this. To improve the detection further I believe
that if one deploy a seismic network in, or in the vicinity of, a path where
mass movements occur, and the corresponding recordings get analysed in
real-time, one could warn about an incident when it happens. Such a sys-
tem has already been initiated by NGI in Norway where a geophone array



7.4. CAN A SPECIFIC STATION BE USED FOR LOCAL EARLYWARNING?93

record signals from snow avalanches and stop the traffic automatically when
an avalanche is recorded (NGI, 2018). Another example where this is put
into reality is on a volcano in Nicaragua where there are occurrences of lahars
(pyroclastic materials that move down-slope when exposed to precipitation)
which ruin everything in their path when they starts moving. A study by
Àlvares et al., (2002) presents that if one was to combine seismic signals with
meteorological data (intensity of precipitation) in real time, one could mon-
itor and predict lahars (Álvarez et al., 2003). This prediction is important
for communities that live in lahar-prone tracks on volcano flanks, so that
they can have time to evacuate. NGI has an ongoing project where seismo-
meters are deployed to monitor specific mountain sides (AAknes and Jettan)
to warn if these fall or slide. With such a network, I believe one can only
warn about the event at the same time as it happens, not much in advance.
Nature is constantly evolving, and one can never be certain of the next move
even though one can have clear prospects on what likely will happen. Nev-
ertheless, to use seismic stations for early warning will give people time to
evacuate so that lives can be saved.
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Chapter 8

Summary and Conclusion

This thesis has analysed if landslide and snow avalanche-generated seismic
signals have been recorded by permanent seismic stations in Norway. A
study of the signal characteristics has also been performed. The findings are
summarised in the sections below, followed by a short conclusion.

8.1 Mass movement database

• The quality control of the database showed that there are occurrences of
double registrations of landslides and snow avalanches, and instances
where information about time, location and date is not registered -
parameters that are necessary for such an analysis. Therefore, a review
of the database is necessary before starting an analysis in order to have
a dataset suitable for the task.

• The lack of information about accurate time of occurrence for the mass
movements proved to be significant. Due to the inaccuracy, many of the
mass movement events could not be analysed, which was unfortunate.

• The separation and creation of datasets was a time consuming and te-
dious process, however, very necessary as the original database include
many events. ArcMAP is a tool well suited for such a task.

• A small, insignificant trend could be seen with regards to yearly and
seasonal distribution of the mass movements, however, a larger dataset
would be better to see this.
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8.2 Seismic Data

• For the seismic data that was downloaded, a waveform thought to be
induced by mass movements existed for approximately half of the debris
dataset and rockfalls/rock avalanches, less than half of the clayslides.
The snow avalanches did not induce any signal recorded by the seismic
stations.

• Noise is apparent in most seismograms. Consequently, knowledge about
what noise is and how it looks on seismograms is needed in order to
avoid mixing this with mass movement-induced signals. Some of the
seismograms showed so much noise that it was impossible to observe a
mass movement-induced signal.

• The network of seismic stations in Norway does record ground vibra-
tions that are induced by mass movements. However, it could only
record a small percentage of the events in the dataset. Therefore, a
denser network would be preferable to detect landslides and snow ava-
lanches of all sizes.

• Based on knowledge from the literature it was possible to characterise
the mass movement induced signals by their emergent onset and slowly
fading terminations, duration of 10s of seconds to minutes, bandpass
filter frequencies generally between 1-15 Hz. By the results in this
study it was not possible to clearly distinguish between signals induced
by clayslides, debris flows and debris avalanches, rockfalls and rock
avalanches or snow avalanches.

• Since the process of using a seismic station or network for early warning
is already underway in Norway, it is obviously possible. Nevertheless,
a purpose built system has to be deployed for such a project, in the
vicinity of the mass movement prone site and path.

8.3 Conclusion

The performed study has proved that past landslides on mainland Norway
and Svalbard have been registered by the permanent seismic network, how-
ever, no snow avalanches were detected. The existing mass movement data-
base provided useful information for the study, nonetheless, a great number
of mass movement events could not be analysed due to lack of crucial inform-
ation; time of occurrence of the mass movements. The seismic data induced
by the landslides presented a characteristic waveform in form of signals with
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an emergent onset and decreasing offset. Moreover, the desired waveform
appeared when signals were bandpass filtered between 1 and 15 Hz. The
waveforms and characteristics are recognised from literature. Noise was ap-
parent in many seismograms, sometimes to such an extent that the noise
exceeded the possibility to observe waveform signals. Furthermore, a com-
parison of the landslide-induced waveforms proved that it was not possible
to determine which landslide type induced a particular waveform by looking
at the signals only. The study also proved that a specific seismic station
can be used for local early warning, and by deploying a seismic network in a
landslide-prone area, one can improve the detection of mass movements even
more.
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Chapter 9

Future Work

As the project came along I personally gained a lot knowledge and now, 10
months later, I see that there are a few things that would have been useful
to know while conducting the project.

If a similar study were to be conducted in the future, it is recommended to
focus on one landslide type at a time. To target one dataset would make it
possible to go into more detail in the study, which I believe would make the
results even more reliable. By focusing on a smaller, or only one dataset, one
could possibly also have time to compare the mass movement dataset with an
earthquake catalogue and consequently exclude events where an earthquake
induced a waveform on a seismogram that can be interpreted as induced by a
mass movement. Moreover, to focus on one site would make it easier to survey
and monitor landslide or snow avalanche occurrences, and a preferably dense
seismic network in the vicinity of the mass movement area, would hopefully
detect all mass movements.

The importance of an accurate time of occurrence is discussed previously, so
this will not be explained in further detail except by stating that to know
the mass movement’s accurate time would make such a study easier, more
efficient and more reliable. Consequently, for the next person doing similar
research I’d recommend only choosing events that provide an accurate time
of occurrence. Knowing the mass movements’ volume would also be useful,
but this is difficult to interpret without fieldwork. Nevertheless, the more
information one know, the better.

Additionally, a study like this should be performed where data is stored on
servers that are readily available. For this master thesis, parts of the data
were stored online where it was free for whomever to download, which is what
I have done. However, the whole database is stored on a server connected to
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UiB’s network, so to do this type of study where one could open data directly
without having to download and modify it would make such a project easier
and more effective. Then one could browse through data quicker, and a
huge advantage - all data is available, which has not been the case for the
performed project. Then it would also be quicker to check more stations at
a time, for example, to check seismograms for the three closest stations to
a mass movement event. If a landslide-induced signal shape is visible on all
three stations, then one could with more certainty determine that this signal
actually is induced by a landslide. An example is shown in figure 6.19.

The procedure presented for carrying out the project has been straightfor-
ward, especially after having created the datasets. Nevertheless, to use a
seismic processing software where help is available at short notice would be
helpful. SEISAN worked very well for the visualisation of the seismic data,
however, the installation process took, as briefly mentioned, quite a while
due to the complexity of the process and lack of available resources. There-
fore, having a person with technical knowledge accessible would be useful.
Thankfully, I got great help from UiB so the issue got solved after a while.

As a masters student with limited experience within the field, it has been
very helpful to speak to my supervisors during the project to increase my
academic knowledge. It has also been useful having discussions with other
scientists with more knowledge and expertise to get ideas and inputs on my
results and work. Since the thesis combines two fields within geoscience,
and it is a relatively new topic in Norway, there are consequently not many
scientists that holds this combined knowledge (not that I have become aware
of at least). Therefore, I believe that it would be a good idea if people from
both disciplines work together with this topic as a research group or in some
sort of collaboration. This way one would get expertise from both fields
which could hopefully expand the knowledge within the fields of interest.



Appendix A

All results

The following seismograms will present the landslide-induced waveforms and
not landlside-induced seismograms that are not showed in chapter 6. They
will not be analysed or discussed further. As all seismograms for the snow
avalanche dataset are presented in chapter 6, they will not be presented here.

A.1 Landslide-induced seismograms

A.1.1 Clayslides

12.03.2008 Drammen

Figure A.1: Waveform from clayslide in Drammen 12.03.2008. This is be-
lieved to be induced by the clayslide due to the increasing onset and decreas-
ing offset from 15:12:31-15:13:22. The 5-10 Hz filtered signal was recorded
at KONO 36 km from the clayslide. Time of occurrence fits very well with
the time presented in the mass movement (mm.) database.
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09.01.2009 Melhus

Figure A.2: Waveform from clayslide in Melhus 09.01.2009. The waveform
starts increasing at 21:48:20, reach a peak, and fades back into the noise at
21:49:30 approximately. The 10-15 Hz filtered signal was recorded at TBLU
17 km from the clayslide. There is much noise in the signal. The time of
occurrence fits well with the time of occurrence from the mm. database.

01.01.2012 Esp, Trondheim

Figure A.3: Signal by clayslide in Esp, Trondheim 01.01.2012 rises at
05:39:10 and decreases back to the noise at 05:40:00. Distance between sta-
tion TBLU and clayslide was 17 km. Signal was filtered with 1-5 Hz. There is
much noise in this seismogram, especially for the N-S and E-W components.
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03.06.2011 Førum, Vestfold

Figure A.4: Seismic signal induced by a clayslide in Førum, Vestfold
03.06.2011. The signal fluctuates a little, however, one can clearly observe a
cigar shaped form from 08:14:21-08:14:59. Time of occurrence is within the
one presented in the mm. database. It is filtered with a 5-10 Hz bandpass
filter and recorded by station KONO 54 km from the clayslide.

23.05.2013 Nes, Nesbyen

Figure A.5: Waveform induced by clayslide in Nesbyen 23.05.2013. The
signal is affected by much noise, but a cigar shaped signal can be seen from
02:48:50-02:49:25. The red marks are shown on both Z and N-S components
as the signal is noisy. It is filtered with frequencies 10-15 Hz and recorded
by SKAR 43 km from the clayslide location. The time of occurrence fits well
with what is presented in the mm. database.
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10.06.2013 Filtvedt

Figure A.6: The clayslide in Filtvedt 10.06.2013 was recorded by station OSL
40 km from the clayslide site. It is filtered between 2-4 Hz, and one can
observe an increasing waveform from 19:50:40 that lasts until 19:51:44. The
timing fits very well with what is presented in the mm. database.

A.1.2 Debris flows, debris avalanches

25.07.2007 Granvin

Figure A.7: The debris avalanche in Granvin 25.07.2007 induced a signal
with an increasing onset and decreasing offset (22:01:22-22:01:55). The time
of occurrence fits perfectly with the one presented in the mm. database. The
signal is filtered between 2-4 Hz and recorded at station BER 74 km from the
avalanche. This does also fit the time from the mm. database.
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09.06.2011 Kvam

Figure A.8: The debris avalanche in Kvam 09.06.2011 also has a cigar shaped
form that goes from 20:36:15-20:37:40. It is filtered between 1-5 Hz and
recorded by DOMB 51 km from the avalanche.

11.06.2011 Sel, Nedre Heidal

Figure A.9: Sigar shaped signal induced at station DOMB 37 km by avalanche
in Sel. Emerging onset at 22:28:05, decreased at 22:29:25. The signal is
filtered between 10-15 Hz.
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15.08.2011 Sletti, Vang

Figure A.10: The signal induced by the debris avalanche in Sletti 15.08.2011
induced a signal with increasing onset at 09:06:18 which lasts until 09:06:52.
It was recorded by station SKAR at a distance of 53 km and filtered between
10-15 Hz. It fits the time from table 6.3.

14.07.2012 Beisfjord

Figure A.11: The 14.07.2012 a debris avalanche in Beisfjord induced the
signal. It shows an increasing onset and decreasing offset from 13:12:41-
13:13:24 approximately which fit the time of occurrence from the mm. data-
base. The signal is filtered between 2-4 Hz and recorded by STEI 107 km from
the station.
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23.05.2013 Alfarveien, Nesbyen

Figure A.12: Waveform from the debris flow in Nesbyen 23.05.2013 induced
the signal as seen here. The 5-10 Hz filtered signal’s main shape can be
seen between 00:36:51 and 00:37:15. It is recorded by SKAR 44 km from the
station. The time corresponds to the one in the mm. database.

23.10.2013 Romslo, Bergen

Figure A.13: The signal induced by the debris avalanche in Romslo
23.10.2013 has an emergent onset that starts at 01:24:37 and ends at
01:24:58. The distance to station BER is 15 km, and the signal is filtered
between 5-10 Hz. Also here the time on the seismogram fits well with the
time in the mm. database.
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05.12.2015 Ullensvang

Figure A.14: The debris flow in Ullensvang 05.12.2015 does also have a cigar
shaped form that starts at 09:56:21 and ends at 09:56:38. The 5-10 Hz filtered
signal was recorded by ODD 26 km from the landslide. This was here recorded
1 hour before the time provided by the mass movement database.

A.1.3 Rockfalls, rock avalanches

22.06.2012 Odda

Figure A.15: Cigar shaped signal induced by a rockfall in Odda June 2012 at
11:19. The signal is bandpass filtered between 10-15 Hz and the main signal
has a duration of 40 seconds. Distance between station ODD that recorded
the signal and the rockfall was 17 km.
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07.06.2013 Sel

Figure A.16: The signal was induced by the rockfall in Sel 07.06.2013. The
signal shows emerging onset starting at 09:52:59 and ends at 09:53:16. The 5-
10 Hz bandpass filtered signal was recorded by DOMB 26 km from the rockfall
site. The timing correlates with the mm. time.

10.10.2013 Birtavarre

Figure A.17: The signal was induced by the rockfall in Birtavarre 10.10.2013.
It has an emerging onset starting at 20:22:35 and ends at 20:24:02. The 5-
10 Hz bandpass filtered signal was recorded by JETT 20 km from the rockfall
site. The timing correlates with the mm. time.
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05.12.2015 Sauda

Figure A.18: Signal induced 24 km from station ODD by a rockfall in Sauda
05.12.2015. It shows two cigar shapes, the first from 09:56:16-09:56:45 and
the second from 09:56:46-09:57:08.

23.02.2016 Mo i Rana

Figure A.19: Signal induced 37 km from station KONS by a rockfall in Mo i
Rana 23.02.2016. It has a cigar shape from 20:23:42-20:23:54, and the time
of occurrence fit well with time in mm. database.
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A.2 Seismograms not induced by landslides

The seismograms that correspond with time of landslide-occurrence, but they
are not believed to be induced by landslides due to duration, shape or noise
as specified in the figure texts. These do not have the red marks.

A.2.1 Clayslides

27.04.2002 Steinkjer

Figure A.20: No filters could show any shape for this signal. Distance between
recording station NSS and clayslide was 52 km.

23.03.2007 Overhalla

Figure A.21: There is too much noise in the seismograms to see a waveform
that could be induced by landslides. Distance between recording station NSS
and clayslide was 14 km.
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16.05.2007 Overhalla

Figure A.22: Same as in A.21. Too much noise. Distance between recording
station NSS and clayslide was 4 km.

19.08.2008 Namsos

Figure A.23: Seismograms are too noisy to observe a clayslide-induced signal.
Distance between recording station NSS and clayslide was 26 km.
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07.03.2009 Skien

Figure A.24: None of the filters could provide a signal. Distance between
recording station KONO and clayslide was 48 km.

13.03.2009 Namsos

Figure A.25: The seismograms are too noisy to be able to see a signal. Dis-
tance between recording station NSS and clayslide was 26 km.
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15.05.2011 Sarpsborg

Figure A.26: Too noisy to observe a shape. Distance between recording station
OSL and clayslide was 75 km.

19.06.2011 Lundestad

Figure A.27: Signal classified as noise. Might be from an explosion. Distance
between recording station STOK and clayslide was 57 km.
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14.12.2011 Halden

Figure A.28: No signal regardless of filter. Distance between recording station
OSL and clayslide was 97 km.

28.03.2012 Stjordal

Figure A.29: Signal classified as noise. Distance between recording station
TBLU and clayslide was 43 km.
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09.11.2012 Nannestad

Figure A.30: No signal regardless of filter. Distance between recording station
OSL and clayslide was 38 km.

27.05.2013 Sunndal

Figure A.31: No signal regardless of filter. Distance between recording station
MOL and clayslide was 58 km.
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02.01.2014 Vennesla

Figure A.32: No filters could show any shape for this signal. Distance between
recording station HOMB and clayslide was 32 km.

15.02.2014 Nymoen

Figure A.33: No signal regardless of filter. Distance between recording station
OSL and clayslide was 30 km.
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02.02.2015 Skjeggestad

Figure A.34: Signal too noisy. Distance between recording station KONO
and quick clay slide was 44 km.

17.03.2015 Steinkjer

Figure A.35: No signal regardless of filter. Distance between recording station
NSS and quick clay slide was 44 km.
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A.2.2 Debris flows and debris avalanches

10.06.2011 Sel

Figure A.36: No signal regardless of filter. Distance between recording station
DOMB and debris avalanche was 44 km.

26.11.2011 Rogda, Ullensvang

Figure A.37: No signal regardless of filter. Distance between recording station
ODD and debris avalanche was 36 km.
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14.07.2012 Hanstad, Innsetvann

Figure A.38: No signal regardless of filter. Distance between recording station
TRO and debris avalanche was 106 km.

18.05.2013 Skjerdal

Figure A.39: No signal regardless of filter. Distance between recording station
ODD and debris avalanche was 15 km.
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18.05.2013 Odda

Figure A.40: No signal regardless of filter. Distance between recording station
ODD and debris flow was 15 km.

22.05.2013 Kvam, Vinstra

Figure A.41: The shape is nice and cigar shaped, however, the duration is
too short to be thought to be induced by a debris avalanche. Distance between
recording station SKAR and debris avalanche was 66 km.
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22.05.2013 Holjarast, Fagernes

Figure A.42: No signal regardless of filter. Distance between recording station
SKAR and debris avalanche was 60 km.

18.08.2013 Byrkjenes, Odda

Figure A.43: No signal regardless of filter. Distance between recording station
ODD and debris flow was 15 km.
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12.05.2015 Vaksdal

Figure A.44: Signal classified as noise. Distance between recording station
BER and debris flow was 23 km.

A.3 Rockfalls and rock avalanches

10.11.2012 Gjerdrum/Lillestrom

Figure A.45: No signal regardless of filter. Distance between recording station
OSL and rockfall was 21 km.
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04.04.2013 Tafjord, Geiranger

Figure A.46: No signal regardless of filter. Distance between recording station
AKN and rockfall was 22 km.

13.05.2013 Tvedestrand

Figure A.47: Abrupt increases and decreases classified as noise. Distance
between recording station HOMB and rockfall was 53 km.
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28.06.2014 Narvik

Figure A.48: Too much noise to see a landslide-induced signal. Distance
between recording station TRO and rockfall was 117 km.

27.06.2015 Lofoten

Figure A.49: Signal classified as noise. Distance between recording station
LOF and rockfall was 100 km.
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07.09.2015 Osteroy

Figure A.50: Too much noise to see a rockfall-induced signal. Distance
between recording station BER and rockfall was 18 km.
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