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Abstract

In the vicinity of Bad Ischl, located in the Northern Calcareous Alps in Upper Austria, 43 long-period
seismic events were detected by ZAMG between 1999 and 2011. They are supposed to be an effect
of local mass movements. On the basis of a second data set, containing twelve tectonic earthquakes
from the same region, a differentiation of source mechanisms by means of analyzing seismograms is
done.

With the help of signal processing these long-period seismic events can be detected and separated
from tectonic earthquakes. Therefore, the spectral content (including maximum amplitude, mean
value and sum in the range of 0.5 to 3 Hz), auto correlation (including sum and time after 95 % of
signal has passed), Arias intensity (including exponential fit), local and body-wave magnitude, coda,
root mean square of amplitudes and signal energy is calculated. It turned out that the results of the
last three methods are less indicative and thus not useful.

The spatial division of the events into three clusters leads to a good correlation with the regional
geology and geotechnical setting (mainly the system “Hart auf Weich”). The information taken from
literature verifies the assumption that the long-period seismic data set can be related to regions of
higher mass movement activity. However, an analysis of local precipitation data does not indicate a
strict causal connection between mass movements and preceding rainfall.






Zusammenfassung

In der Umgebung von Bad Ischl, welches sich in den nérdlichen Kalkalpen in Oberdsterreich befindet,
wurden in einem Zeitraum von 1999 bis 2011 43 langperiodische seismische Ereignisse von der
ZAMG registriert. Es wird vermutet, dass deren Ursprung in Hangbewegungen liegt. Basierend auf
einem zweiten Datensatz, der aus 12 tektonischen Erdbeben aus derselben Region besteht, wird eine
mogliche Unterscheidung der verschiedenen seismischen Quelltypen mittels detaillierter Analyse der
Seismogramme gesucht.

Mit Hilfe von Signalprozessing kénnen die langperiodischen Ereignisse erkannt und von denen der
Erdbeben unterschieden werden. Dazu wird Folgendes berechnet: Frequenzgehalt (mit maximaler
Amplitude, Mittelwert und Summe der Frequenzen von 0,5 bis 3 Hz), Autokorrelation (mit Summe
und Dauer von 95% des Signals), Arias Intensitdt (mit exponentiellem Fit), lokale und
Raumwellenmagnitude, Coda, Effektivwertquadrat und Energiesignal. Die Ergebnisse der drei
letztgenannten Berechnungen sind im Vergleich zu den anderen nicht aussagekraftig und daher nicht
notwendig.

The raumliche Trennung der Events in drei separate Cluster fihrt zu einer guten Korrelation mit der
lokalen Geologie und der jeweiligen geotechnischen Situation (zumeist das System ,Hart auf
Weich”). Anhand einer vielfaltigen Auswahl an Literatur wird die Annahme bestatigt, dass die Cluster
von langperiodischen Ereignissen mit Gebieten erhdhter Massenbewegungen zusammenhangen.
Eine Analyse lokaler Niederschlagsdaten deutet auf keinen direkten Zusammenhang hin, wenn auch
vereinzelt eine Auslosung der Hangbewegung nicht ausgeschlossen werden kann.
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1. Introduction

1 Introduction

Every year about 7000 tremors are analyzed by the Seismological Service of Austria (Osterreichischer
Erdbebendienst) at Central Institute for Meteorology and Geodynamics (Zentralanstalt fir
Meteorologie und Geodynamik, ZAMG) whereby 5900 of these events take place in foreign
countries. Little more than 500 of the remaining 1100 events refer to mining activity in Austria. The
leftover is classified as tectonic earthquakes with 30 to 60 of them being noticed by the population.
Some of the strongest earthquakes with magnitudes greater than 5.0 happened the last 100 years in
Schwadorf, Lower Austria (1927), Namlos, Tyrol (1930) and Seebenstein, Lower Austria (1972)
(ZAMG, 2012).

In the vicinity of the town of Bad Ischl, Upper Austria, seismic events with unusual frequency content
have been detected within the tectonic earthquake data set. Over the last 13 years 43 of these
events have been collected that are either definitely long-period seismic events (LPE) or it is at least
doubtful, whether their seismograms belong to tectonic earthquakes or not. This data set is the basis
of this diploma thesis. Figure 1-1 shows the region of interest with the LPEs (red circles varying with
magnitude) while Figure 1-2 gives an example of a typical seismogram of such an event.
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Figure 1-1 Epicentres (red circles) of the long-period data set in the surrounding of Bad Ischl. The size
of the red circles indicate the magnitude.
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The question arises whether these LPEs can be detected and easily separated from tectonic
earthquakes with the help of signal processing. Thus, a second data set of twelve true earthquakes,
which are from the same region and cover approximately the same magnitude range are used for
comparison. An example is shown in Figure 1-2.
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Figure 1-2 Three components of a seismic record of a long-period event (LPE) (left) and of a tectonic

earthquake (right) of similar magnitude recorded approximately at the same distance.

Consequently the main purpose of this diploma thesis is a detailed analysis of the seismograms to
find out more specific and expressive characteristics (e.g. spectral content, Arias intensity) to make
LPEs easily distinguishable from tectonic earthquakes.

To detect the differences in these two types of seismograms the two nearest seismic stations from
the Seismological Network of Austria are used: Molln (MOA) and Kélnbreinsperre (KBA). Figure 1-3
shows the region of interest with the data set of both LPEs (red) and tectonic earthquakes (green)
and the two seismic stations.

The other part of the thesis places special emphasis on the origin of the ground motion. Figure 1-1
reveals three clusters of LPEs: an accumulation of epicentres is located between Bad Goisern and Bad
Ischl; another one can be defined northwest of Bad Aussee while the third cluster can be found west
of Hallstatt. After a short summary of possible long-period sources mass movements on the earth’s
surface are considered as the most probable. Thus, a short outline of the regional geology and
geotechnical situation raises the question of a correlation with mass movements from the three
spatial separated regions. General information and data of mass movements was provided by the
Geological Survey of Austria (GBA).

Another idea to figure out a relation with an external factor is the correlation with precipitation data.
Thus, time series of precipitation of the nearest meteorological stations of the last four weeks
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(28 days) before each LPE source was possibly triggered by rainfall, were correlated with the
recorded seismic activity.
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Figure 1-3 Map of Austria showing the location of Bad Ischl (asterisk), the long-period data set (red

circles) and the earthquake data set (green circles) as well as the two seismic stations Molln (MOA)

and Kolnbreinsperre (KBA).
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2. Data Acquisition

2 Data Acquisition

2.1 Event List

The data contain events from the time period of 1999 until 2011. All in all there are 43 events that
were suspected of having non-earthquake sources in the respective time window in the area of
interest. During data processing some of the events were eliminated due to a lack of long-period
characteristics. Table 2-1 lists the events for processing, thus naming the date, focal time, latitude
and longitude, magnitude and intensity, if available, as well as the village next to the epicenter. The
events were all located within 20 km from Bad Ischl. The data were retrieved from the earthquake
database of ZAMG.

To get an overall view of the data, two histograms are presented below. Figure 2-1 shows the
distribution of the data concerning the month of occurrence (left side) and the number of events per
magnitude class (right side).
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Figure 2-1 Histograms of the number of events per month (left) and the number of events per
magnitude class (right).

As can be seen from Figure 2-1 there is no annual trend of occurrence of LPEs concerning the month.
It only shows a small tendency for a higher probability of those events in spring, which could be
related to the snow melting. The magnitude for the events ranges from 1.0to 3.1. Again no
correlation between magnitude and number of events is apparent except for a small peak between
magnitude 2.0 and 2.3.
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During the course of this study, comparisons with earthquakes from the respective region were
carried out to extract characteristics of the LPEs. ZAMG provided the data that are listed in Table 2-2.

To get access to the raw data (time series) the AutoDRM (Automatic Data Request Manager) is used.
An email had to be sent to autodrm2@zamg.ac.at in the following format:

BEG N GSE2. 1

MSG_TYPE REQUEST

MSG | D 001_sei snp geot ool

EMAI L a0500656@unet . uni vi e. ac. at

TI ME 2010/ 08/04 19:21:00 to 2010/08/04 19:27:00
STA LI ST MOA, KBA

CHAN LI ST HHZ, HHN, HHE

WAVEFORM GSE2. 1

STOP

An essential input is the time period with the starting time and the end time. In general, a time
window of six minutes was selected whereas later on in the processing steps, the data length is
reduced to its appropriate length of 80 seconds. Also the station codes (STA_LIST) and the respective
channels (CHAN_LIST) and the waveform format must be defined. AutoDRM sends a response-email
for processing with the requested time series to the given email address (EMAIL). ZAMG provides the
data in the GSE 2.1 format.

Besides time series, a request for P and S wave first arrival picks and magnitudes can also be made
via AutoDRM. The content of the email to autodrm2@zamg.ac.at reads as follows:

BEG N

MSG_TYPE REQUEST

MSG | D 2008 earth

TI ME 2008/ 07/ 18 22:54:00 TO 2008/ 07/ 18 22:55:00
BULLETI N

STOP

Again, the time window needs to be defined. The given magnitudes as well as the picks for the first
arrivals are then extracted from the email for further processing. Unfortunately the online bulletin
only contains data since 2008. Therefore, the missing data has to be requested from the ISC
homepage (http://www.isc.ac.uk/).
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Table 2-1 List of LPEs for processing provided by ZAMG.

date focal time |latitude | longitude . . . .
magnitude | intensity epicenter
yyyy mmdd | hh mm ss.s [°] [°]
1999 05 02 0449435 47.68 13.71 3.1 Altaussee
2000 04 18 1515 18.0 47.70 13.62 2.3 Bad Ischl
2000 06 25 170245.0 47.70 13.72 2.6 Bad Ischl
2000 08 29 1421341 47.66 13.58 2.1 Bad Goisern
2000 1109 153304.2 47.82 13.72 1.7 Ebensee
2001 04 25 16 03 05.7 47.56 13.59 1.8 Gosau-Hintertal
2002 06 30 0014 56.7 47.65 13.72 2.0 Altaussee
2002 07 20 02 3558.6 47.66 13.73 2.1 Altaussee
2002 1118 22 1653.2 47.79 13.65 2.0 Hollengebirge
2003 07 14 0324349 47.64 13.62 2.9 4 Bad Goisern
2003 09 18 2247123 47.56 13.65 2.1 Hallstatt
2004 05 08 1023 44.7 47.62 13.71 15 3-4 Altaussee
2004 1012 06 56 45.8 47.64 13.73 1.5 Altaussee
2006 02 22 033859.9 47.64 13.70 3.0 4 Altaussee
2006 03 28 032644.3 47.65 13.68 1.8 Bad Goisern
2006 04 27 2012 39.6 47.70 13.60 1.5 Bad Ischl
2006 05 18 003933.1 47.68 13.58 2.6 4 Bad Ischl
2006 05 27 1910294 47.68 13.75 2.3 Altaussee
2006 08 22 004457.2 47.58 13.62 2.3 3 Hallstatt
2006 09 26 1008 37.2 47.82 13.74 1.9 Ebensee
2006 11 24 0033211 47.71 13.51 1.7 Strobl
2006 12 15 1344421 47.66 13.60 2.9 3-4 Bad Goisern
2006 12 16 094559.1 47.66 13.72 2.7 Altaussee
2007 03 18 132705.0 47.58 13.53 1.4 Gosau
2007 03 27 18 26 14.0 47.58 13.57 2.2 Gosau
2007 06 04 103304.4 47.72 13.66 1.0 Bad Ischl
2007 12 10 06 26 18.9 47.65 13.75 2.0 Altaussee
2008 01 22 200042.2 47.61 13.54 1.4 Gosau
2008 03 02 13 00 09.5 47.58 13.63 1.8 Hallstatt
2008 05 03 1137 40.0 47.55 13.62 2.5 3 Hallstatt
2008 07 23 16 36 07.6 47.68 13.71 2.0 Altaussee
2009 01 06 1009 27.4 47.65 13.58 1.3 Bad Goisern
2009 05 06 1433554 47.57 13.59 2.1 Gosau-Hintertal
201001 19 18 43 59.6 47.66 13.75 2.7 2-3 Altaussee
201001 23 212724.7 47.64 13.74 2.3 Altaussee
201001 24 0046 32.3 47.57 13.66 2.3 Hallstatt
201004 23 125304.9 47.66 13.55 1.4 Bad Goisern
20100503 09 14 21.7 47.67 13.43 2.2 Postalm
201009 18 2213 20.2 47.79 13.84 1.7 Offensee
20101023 1936 09.1 47.68 13.63 2.4 3-4 Bad Ischl
2011 04 05 07 14 25.8 47.66 13.71 3.1 4 Altaussee
201108 10 16 16 37.5 47.65 13.75 2.0 Altaussee
201112 26 013429.2 47.69 13.74 1.5 Altaussee
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Table 2-2 List of earthquake provided by ZAMG for comparison

date focal time | latitude | longitude
magnitude | intensity epicenter
yyyy mmdd | hh mm ss.s [°] [°]
2001 04 15 18 05 10.1 47.55 13.94 2.6 4 Bad Mitterndorf
20011110 | 050806.8 | 47.49 14.02 24 4 St.  Martin - am
Grimming
2004 02 22 2009 09.0 47.54 13.56 2.4 4 Gosau-Hintertal
20040618 | 0810452 | 47.48 13.36 3.6 5 St. Martin —am
Tennengebirge
2005 06 23 12 12 00.0 47.46 13.8 1.9 4 Haus im Ennstal
2008 05 21 07 21 00.7 47.44 13.63 3.0 3-4 Ramsau
2008 05 21 133957.0 47.45 13.60 3.6 4 Hoher Dachstein
2008 07 18 2254033 47.48 13.74 3.8 5 Haus im Ennstal
2010 08 04 19 09 59.0 47.53 13.48 3.3 4-5 Gosaukamm
2010 08 04 1914 46.1 47.55 13.53 2.1 Gosau-Hintertal
2010 08 04 1921449 47.51 13.49 14 Gosaukamm
2010 08 05 1507 46.2 47.48 13.51 2.7 3-4 Gosaukamm

2.2 Seismic Stations

Figure 2-2 gives an overall view of the Seismic Network of Austria. As the majority of events did not
exceed a local magnitude of 2.5, only data of the two nearest stations could be used for this study. In
this case, these are the seismic stations named MOA and KBA. General information is given in Table
2-3 (ISC-Code, abbreviated name of station by the International Seismological Centre). Both, MOA
and KBA are equipped with Streckeisen STS-2 broadband sensors and Quanterra digitizers. Detailed
information of the seismic instrument is given on the following homepage www.passcal.nmt.edu.
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Figure 2-2 Seismological broad-band station network of Austria. KBA
and MOA are denoted with purple dots. (© ZAMG, 2011)
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Table 2-3 General information about the seismic stations by ZAMG.

. . . . . distance from
ISC-Code Location Latitude | Longitude | Elevation | since
Bad Ischl
KBA KdInbreinsperre 47.0784 13.3447 1721 m 1997 49.5 km
MOA Molln 47.8495 14.2659 572 m 1996 74.1 km

2.2.1 Station Molin (MOA)

The station Molln (MOA) is located in the Upper Austrian Alpine foreland in the so called
Pyhrn-Eisenwurzen at 572 metres above sea level. From a geological point of view it is situated in an
Austroalpine cover, being rich in limestone and belonging to the Permian Mesozoic. Figure 2-3 shows
on the left side a detailed map of Molln and its surrounding. The red circle represents the location of
the seismic station MOA. To the right, a photo gives an impression of the entrance of the access
tunnel, where the seismic instrument is installed.

Figure 2-3 Left side: Map of Molln and its surrounding area. The center of the circle indicates the

position of the station. Right side: Entrance of the seismic station.

2.2.2 Station KoInbreinsperre (KBA)

The station KBA is established at the dam toe of the K&Inbrein reservoir. It is located in the so called
Ankogel Gruppe at a height of 1721 m. Geologically it belongs to the Tauern window (Penninic
nappes). Figure 2-4 shows a map of the Kdélnbrein reservoir (left) and its surrounding area (right).

Station information and the relating maps as well as pictures are provided by the Department of
Geophysics/ZAMG.
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Figure 2-4 Map of the Kdlnbrein reservoir and its surrounding. The red circle indicates the location of
the seismic station.

As already mentioned above, all data in this thesis has its origin in the vicinity of Bad Ischl. To get an
impression of the location of the town of Bad Ischl and the seismic stations MOA and KBA, Figure 2-5
features a map of Austria, which only contains those three locations. The map also highlights the fact
that the two seismic stations are located in two different directions seen from the location of origin
of the observed LPEs.
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Figure 2-5 Map of LPEs (red circles), earthquakes (green circles), Bad Ischl (asterisk) and
seismic stations (blue squares).
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3 Long-period Seismic Signals

Certainly there are a great number of causes that produce seismic signals. In this study the data to be
considered has led to a classification of the seismic events based on the frequency content. More
precisely, the main emphasis is on long-period seismic signals.

Different events in nature can produce these long-period seismic signals. For example, the
seismograms of mass movements such as landslides, debris flows, rockfalls or avalanches or even
volcanoes consist of these low frequencies aside other characteristics. An overview of the above
mentioned sources will be given on the following pages to consider all possible causes that result in
longer periods in recorded seismic spectra. A special focus is put on landslides as they are the most
likely reason for the LPEs in the Alps.

The importance of seismically identifying and locating such LPEs is obvious. As the global population
is constantly expanding more hazardous regions are habituated and a greater number of people are
exposed to the risk of mass movement hazards.

“The success in identifying and in some cases locating these events in near real time demonstrates
that local and regional seismic networks can play a valuable role in reducing hazards from large,
rapid mass movements.”

(NORRIS, R., 1994)

3.1 Landslides

3.1.1 Terms and Definitions for Landslides

The International Union of Geological Sciences proposed a system to classify landslides according to
their post failure velocity (G. HUNTER and R. FELL, 2001).Generally they can be divided into “slow
landslides” with an upper limit of 1.8 m/s and “rapid landslides” with a lower limit of 1.8 m/s. Table
3-1 gives a more detailed insight into the velocity classification for landslides, whereas the first four
classifications relate to slow landslides.

As the velocity does not give detailed information about the source mechanism or the amount of
mass to be transported, another approach for classification is used. One part is the initial slide
classification, which describes the initiation of landslides in the source area; the other part is the
travel classification, which describes the movement along the travel path.

11



3. Long-period Seismic Signals

Velocity Description of Velocity limits Velocity in
Classification Velocity min/sec
7 Extremely rapid - 5 m'sec - 5x10°
6 Very rapid 3 m/min to § m/sec 50 to Sx10°
5 Rapid 1.8 m/Mour fo 3 m/min 0.5to 50
4 Moderate 13 m/month to 1.8 m/hour 5x107 t0 0.5
3 Slow 1.6 m/year to 13 m/month | 50x10™ to 5x10° 2
2 Very slow 16 mm/vear to 1.6 m/year 0.5x10° to 50x107°
1 Extremely slow = 16 mm/year <0.5x10°°

On the left side of Figure 3-1 the soil behaviour is described. At the top the failure is due to
contraction while at the bottom it is due to dilatation on shearing. In the middle there is the initiating
slide classification, which is composed of flow slide, slide through soil mass and defect controlled

slide.

The term “flow slide” is related to contraction on shearing and most often takes place in saturated
soils. Static liquefaction on shearing concludes in a large loss in undrained strength, which leads to a
failure of the slide mass. “Slide through the soil mass” as well as “defect controlled slide” originate in
soils that are dilative on shearing. In the first case the surface of rupture is situated in the soil/rock
mass whereas in the second case the origin of sliding lies in a defect in the soil or weathered rock

mass (G. HUNTER and R. FELL, 2001).

Soil

Initiating Slide

Behaviour Classification

Contractant
on
Shearing

Travel
Classification

| —{Flowslide

Slide through

Flow slide

Dilative
on
Shearing

/ soil mass

3

Debris flow

\\ Defect controlled

slide

_|Debris slide

e classification system and main slides types (G.

ZLL, 2001).
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On the right side of Figure 3-1 there are three end terms of the travel classification, whereby a
mixture of the three terms is likely to occur in nature. Two distinct types can be pointed out in
general, where on the one hand the moving mass stays in its initial structure (flow slide), while on
the other hand the mass moves more as a turbulent flow (debris flow). For a debris slide the mass
moves along a defined basal surface while it is not mixed up a lot. They are typically transported far
beyond the source area.

To describe the geometry of a slope and its travel geometry (Figure 3-2), several parameters are
needed (Table 3-2). This is also another possibility to distinguish different types of gravitational mass
movements. There are five different types that are basically different from each other by the position
of the initial slides and its deposits which are strongly linked to the topography (more precisely
dependent on the travel distance angle and the slope angle) and the transportation velocity.

Table 3-2 Definitions of terms used to describe the geometry of landslides.

Abbreviation Explanation
H, slope height
H slide height
L travel distance
a travel distance angle
Lioe horizontal distance beyond the toe of the initial failure
D failure depth
oy source area slope angle
o, down-slope angle immediately down-slope of the failure zone
O3 down-slope angle over the distal portion of the travel path

> —x
H

Debris
deposition a; B —

2 Slope failure geometry (G. HUNTER and R.
01).
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3.1.2 Landslide Causes and Triggering Mechanisms

The following information is based on and extracted from “The Landslide Handbook - A Guide to
Understanding Landslides” (HIGHLAND and BOBROWSKY, 2008) as it highlights the fundamentals of

landslide causes.

There are two main categories of sources causing landslides —
they are either natural- or human caused whereby the actual
reason of failure is always a physical one. Therefore Table 3-3
lists the most frequent occurring physical causes triggering
landslides.

3.1.2.1 Natural Occurrences

Natural occurrences are divided into three endterms: water,
seismic activity and volcanic activity. These three major
triggering mechanisms are likely to occur in combination as
they depend on several factors (e.g. shape of terrain, steepness
of slope, soil type and underlying geology).

The main link between landslides and water is the saturation.
After intense rainfall or snowmelt the slope material might be
oversaturated and this is likely to result in failure. The deposit
of the mass after the slide is in many cases linked with
secondary effects such as blocking waterways. This leads to

Table 3-3 Physical Causes —
Triggers of landslides.
(HIGHLAND and BOBROWSKY,
2008)

Physical Causes—Triggers

+ Intense rainfall
» Rapid snowmelt
* Prolonged intense precipitation

+ Rapid drawdown (of floods and
tides) or filling

+ Barthquake

* Volcanic eruption

* Thawing

* Freeze-and-thaw weathering
+ Shrink-and-swell weathering

* Flooding

backwater flooding behind a dam, and in case of a breaking dam in downstream flooding.

Table 3-4 Natural causes for landslides (HIGHLAND and

BOBROWSKY, 2008).

Natural Causes

Geological causes

* Weak materials, such as some
volcanic slopes or uncensolidated
marine sediments, for example

» Susceptible matenials

» Weathered matenals

« Sheared materials

* Jointed or fissured materials

* Adversely oriented mass disconti-
nuity (bedding, schistosity, and so
forth)

* Adversely oriented structural

contact, and so forth)
= Contrast in permeability

* Contrast in stiffness (stiff, dense

material over plastic matenals)

discontinuity (fault, unconformity,

Morphological causes

* Tectonic or volcanic uplift

» Glacial rebound

» Glacial meltwater outburst

» Fluvial erosion of slope toe

* Wave erosion of slope toe

» Glagial erosion of slope toe

* Erosion of lateral margins

» Subterranean erosion (solution,
piping)

* Deposition loading slope or its crest

= Vegetation removal (by forest fire,
drought)

14

The risk of earthquakes triggering
landslides is deeply connected with
mountainous regions, where either the
ground shaking itself or liquefaction of
susceptible sediments is responsible for
triggering them. Another reason is due
to shaking-caused dilation of
soil-material.  Water can rapidly
infiltrate in the opening cracks and
cause a landslide. This also shows the
connection of the endterms of
classifying the natural occurrences of
landslides.

The most devasting types of failures
occur in relation with volcanic activity.
First, the rising of the heat can lead to
an enormous amount of ice melting on
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top of the volcano in quite a short period of time, which, when mixed with rock, soil and ash, results

in a debris flow named lahar. They typically reach great distances and therefore are of great danger.

The other reason for landslides at volcanoes is due to the very young and unconsolidated geological

structures, which can easily collapse and cause rockslides, landslides and debris avalanches.

Table 3-4 gives a more detailed insight into the natural causes for landslides divided into geological

and morphological causes to get a better impression of natural landslides sources.

3.1.2.2 Human Activities

Table 3-5 Human causes for landslides (HIGHLAND
and BOBROWSKY, 2008).

Human Causes

+ Excavation of slope or its toe

+ Use of unstable earth fills, for construction

* Loading of slope or its crest, such as placing earth fill at the top of a slope
» Drawdown and filling (of reservoirs)

* Deforestation—cutting down trees/logging and (or) clearing land for crops;

unstable log

+ lrrigation and (or) lawn watering

+ Mining/mine waste containment

+ Antificial vibration such as pile driving. explosions, or other strong ground
vibrutions

* Water leakage from utilities, such as water or sewer lines

* Diversion (planned or unplanned) of a river current or longshore current by
construction of piers, dikes, weirs, and so forth

The permanent growth of world
population forces people to explore new
land. This goes hand in hand with changing
drainage patterns, destabilizing slopes,
and removing  vegetation. These
human-induced factors are also likely to
initiate  landslides  (HIGHLAND  and
BOBROWSKY, 2008).

More examples and detailed information
for human causes are listed in Table 3-5.

3.1.3 Seismic Signals associated with Landslides

“A landslide generates seismic waves by both shearing and loading the surface as the mass moves

from a steep to a shallow slope. “

(BRODSKY E. E. et al., 2003)

“The landslides produced seismic signals characterized by high amplitude and very emergent onset,

irregular envelope, frequency content in the band 0.1-5 Hz, and a duration of many minutes”

(LA ROCCA M. et al., 2004)

Based on the two citations from the articles “Landslide basal friction as measured by seismic waves”
(BRODSKY E. E. et al., 2003) and “Seismic Signals Associated with Landslides and with a Tsunami at

15
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Stromboli Volcano, Italy” (LA ROCCA et al., 2004) landslides as sources of seismic waves and their

characteristics are discussed.

100 —sx15 2
0 Al
-100

100

Illl!l

SX15 NS
0 - rober—ab b [
@ -100 '
< 3
§ 19 Tsxis gw n I
E 0 - Ty 1
100 - |
- -
5 r
o 10 —
= ] pcaB z
> 3 —MMW&MMWWMMM&JWMW
|
.1 —
5 10 —
& 4 pcaB wns
U —
10 —
10 —
I PCAB EW
u p—
=10 -~
L Ll T T L I T T T8 T T | T T
12:14 12:15 12:16
Time

Figure 3-3 Example of a high-frequency signal recorded by stations SX15 (Stromboli, 2.8 km from
source) and PCAB (Panarea Island. 21 km from source).

Considering the emergent onset, the following can be said: As there is no sharp pulse that precisely
defines the beginning of the seismogram it is generally difficult to make a clear statement about the
time of origin of the landslide. At stations close to the event the precursor can be interpreted by the
opening of cracks and the rolling and sliding of small blocks down the slope before the actual failure
of the major mass. The duration of several minutes of a seismogram that results from a landslide
might have the same origin but starts significantly after the actual failure of the major mass (LA

ROCCA et al., 2004).

Typically for landslides are relatively low frequencies of recorded ground motions. The
high-amplitude peaks can be detected in the 0.01 to 5 Hz frequency band whereas in specific cases a
more detailed analysis has to be made regarding the site and kind of seismometer (LA ROCCA et al.,

2004).

Another interesting and often applied method to deal with seismic signals of landslides is the analysis
of particle motion as it enables the comparison with a source model. To find a model that
approximates the source of a landslide best, a single-force model has been introduced by several
authors such as KANAMORI and GIVEN (1982), OKAL (1990) and DAHLEN (1993). When a large mass
starts sliding down the recoil of the ground produces a force and exactly this force is represented by
a shallow single-force model (LA ROCCA et al., 2004).
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Considering the force drop during a landslide it is proportional to the amplitude of the seismic waves
whereas the gravitation is the driving force, thus enabling one to calculate an absolute value of the

frictional force (BRODSKY E. E. et al., 2003).

Furthermore, standard spectrogram/sonogram analysis is a useful tool for detecting mass
movements such as avalanches (SURINACH et al., 2005).
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Figure 3-4 Examples of amplitude spectra of seismograms produced by landslides. The spectra relate to
the seismograms shown in Figure 3-3. Only continuous lines are of interest as they represent the

landslide.

3.2 Other Mass Movements

3.2.1 Long-Period Volcano Seismicity

Referring to the article “Prediction of Volcanic Activity” from  wikipedia.org
(http://en.wikipedia.org/wiki/Prediction of volcanic_activity, last access 21/03/2012) volcanic
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seismicity can be separated in three major forms, which are short-period earthquakes, long-period
earthquakes and harmonic tremor. In literature, there are many different notations for these three
characteristic endterms of seismic signatures of volcanic activity as for example CHOUET (1996)
denotes them as tremor, long-period events and volcano-tectonic earthquakes. He also states that
the origin of the volcanic seismicity is divided into two distinct types of the process. Tremors and
long-period events originate in the fluid while the volcanic earthquakes have their source in the solid
rock. Spectral analyses are needed to determine the differences of the source properties.

DIEGO et al. (1996) describes these long-period events as unusual low-frequency seismic signals and
states that these signals have been observed at several volcanoes under different conditions:
short-term precursor, after eruption, during seismic swarms and during quiescence. Referring to
CHOUET (1996) typical sources for long-period events are volumetric modes of deformation. Due to
unsteady mass transport within the magma, a pressure fluctuation occurs. This is most likely to
happen at the place of interaction of the groundwater system and the magma conduit.

While the duration of small tectonic earthquakes can be similar to long-period events, there is a
significant difference in the frequency range and the harmonic signature. Typical for these events is a
high-frequency onset that can be best recognized when a station is placed near the source. Following
this onset is a harmonic waveform that is characterized by one or up to several dominant periods
(typically 0.2-2 seconds). CHOUET (1996) also suggests that it is easier to recognize long-period
seismicity when comparing it with other events, in this case volcano driven tectonic earthquakes.
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DIEGO et al. (1996) gives some examples for these unusual low-frequency seismic signals with their
respective spectra. They call these events “tornillos”, which is Spanish for screw, because the shape
of the seismic signal resembles that. Figure 3-5 shows one of these examples for the Galeras volcano
in Colombia and the according spectra with sharp peaks in the lower frequency range.
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3.2.2 Rockfall Induced Seismic Signals

To describe and quantify rockfall induced seismic signals VILAJOSANA et al. (2008) performed time
series, time-frequency evolution and particle motion analys