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1 INTRODUCTION 

Creep of rock mass is frequently observed on alpine rock 
slopes. One class of such phenomena is deep-seated 
gravitational creep, or synonymously sagging (Sackung) 
and rock-flow (Zischinsky, 1969, Savage and Varnes, 1987; 
Hutchinson, 1988; Dikau et al., 1996). Crystalline rocks of a 
wide range of metamorphic grades may undergo deep-
seated gravitational creep. The volume of the rock mass of 
one sagging is in the range of 0.1 - 1 km3. Surface velocities 
are in the range of 0.01 - 1 m/year. The rock mass deforms 
by the mechanisms of brittle rheology (fracturing, sliding, 
and rolling). Subcritical crack growth may control 
deformation velocity (Brückl and Parotidis, 2005). 

Saggings are thought to develop in analogy to the three 
stages of creep in material testing: primary, secondary, and 
tertiary creep. In the primary stage the creeping rock mass 

develops by internal deformation comprising the whole rock 
mass. In an advanced stage creep deformation concentrates 
to one or several distinct shear zones. Many saggings 
remain in this secondary stage and stabilize after 
considerable displacement. The transition to tertiary creep 
may be the predecessor of a rapid and catastrophic 
rockslide. 

So far, monitoring of creeping rock masses comprises 
mainly geodetic measurement and observations related to 
pore water pressure. However, additional observational 
quantities related to the development of deep-seated mass 
movements would be very helpful to support prediction. 
The mass movements under consideration take place in 
brittle rock and we expect generation of new fractures and 
stick-slip movement on existing shear planes. Both 
processes generate seismic energy. The estimated weak 
signal energy and the location of the mass-movements in 
populated and farmed regions makes the detection and 
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identification of micro-earthquakes a crucial task. Standard 
detection routines do not meet the requirements and 
therefore new routines based on image segmentation and 
cluster analysis are used. For events with a small signal to 
noise ratio, and therefore no clearly defined first-break, a 
localization algorithm based on amplitude decay is 
introduced. 

2 MONITORING SITES 

Seismic monitoring of deep-seated gravitational creep on 
slopes in the Austrian Alps started in 2001. Three examples 
of deep-seated gravitational creep were selected for seismic 
monitoring: Gradenbach (GB), Hochmais-Atemskopf (HA) 
and Niedergallmigg-Matekopf (NG) The location of these 
mass movements is shown in FIGURE 1. 

 

 

FIGURE 1: Location of deep-seated gravitational creep on 
slopes selected for seismic monitoring. 

The creeping slope at GB is built up by phyllites and 
calcareous micaschists (Moser and Kiefer, 1988). The 
petrology at HA is characterized by paragneisses, 
micaschists, orthogneisses, and amphibolites (Tentschert, 
1998). At NG pelitic gneisses, phyllites, and amphibolites 
comprise the lower part of the slope, paragneisses and two-
micaschists the upper part (Kirschner et al., 2004). 

3D-models of the P-wave velocity of the mass 
movements were derived from refraction seismic 
measurements and structural models were constructed by 
the additional consideration of borehole, photogrammetric, 
geodetic, geological and geomorphological data (Brückl and 
Brückl, 2006; Brückl et al., 2004; Chwatal et al., 2005). 
FIGURE 2 shows topography and thickness of GB, HA, and 
NG. Area and volume of the creeping rock masses is also 
specified in these figures. 

 
 

 
 

 

FIGURE 2: Topography of slope and thickness of creeping 
rock mass at (a) GB, (b) HA, (c) NG.; areas (A) and 
volumes (V) are also specified. 

A = 2.82 km2 
V = 0.26 km3 

A = 1.68 km2 
V = 0.12 km3 

A = 2.64 km2 
V = 0.42 km3 



An intensive geodetic and geotechnical monitoring 
program started at GB after 1965, when - during a period of 
high precipitation and severe floods - strong movements 
resulted in catastrophic debris flows. Very high 
displacement rates (on average about 6 m/year) were also 
observed during 1974–1975 (Kronfellner-Kraus, 1980). 
Evaluation of aerial photographs from the years 1962 and 
1996 (Brückl et al., 2006) indicate an average horizontal 
displacement of 0.6 m/year. GPS measurements at 4 stations 
distributed over the whole slope started in 1999 and still 
continue (Brunner et al., 2003; Brunner, personal 
communication). The average velocity observed during this 
period is 0.2 m/year. The velocity undergoes strong 
temporal variations (from 0.01 m/year - 0.02 m/month), but 
is synchronous on all 4 stations. An analysis of the 
kinematics showed that GB exhibits a block movement at 
present and deformation has been concentrated to the basal 
sliding surface (Brückl et al., 2006) 

The HA mass movement is under intensive observation 
since 4 decades. The construction and operation of a 
hydroelectric power reservoir at the toe of the creeping 
slope has given reasons for these unusual high efforts 
(Tentschert, 1998). Several scarps define individual sliding 
slabs; the velocity of the most active slab is 0.03 – 0.04 
m/year at the surface and about 0.025 m/year at its base. In 
the upper part of the slope, the creep rates drop to <0.006 
m/year. 

At NG, the hamlet Niedergallmigg is affected by the 
creep process. Observation of up to 30 landmarks by GPS 
and terrestrial geodetic methods started in October 2003. 
The creep rates are 0.07 – 0.08 m/year for the main western 
part of the mass movement and 0.02 – 0.03 m/year for the 
less active eastern part. A rotational slider block model fits 
well the displacement vectors. Like on GB most of the shear 
deformations concentrate to the basal sliding surface. 

3 MONITORING NETWORKS 

Since 2001 several passive seismic monitoring campaigns 
were carried out on the three saggings GB, HA, and NG. 
Different recording systems (RefTek Texan, RefTek 130) 
have been used, mostly with 3C-seismometers, natural 
frequency 4.5 Hz. Seismological observatories nearby the 
mass movement are included into the network to identify 
local earthquakes that may not be listed in earthquake 
bulletins. 

A monitoring network with 13 stations has been installed 
during the recent campaign at NG (NG_200606 from 
8.6.2006 to 7.7.2006). The recording systems used are listed 
in TABLE 1. The station layout is shown in FIGURE_3. 

 
Recording 

System 
Geophones/Seimometers Amount 

RefTek Texan GS-11D 4.5Hz 3C 4 
RefTek Texan GS-11D 4.5Hz V 3 
RefTek 130 GS-11D 4.5Hz 3C 5 
Guralp 6TD 30s – 50Hz 3C 1 

 
TABLE 1: Equipment used during seismic monitoring 
campaign NG_200606.   

 

FIGURE 3: Station layout of the seismic monitoring 
network during campaign NG_200606. 

At GB, a permanent monitoring network consisting of 
five 3-component stations has been operating since 
December 2007. See TABLE 2 for the recording systems 
used and FIGURE 4 for the station layout. No event trigger 
is used, the data is recorded in continuous mode, digitized 
with 100 or 200 samples per second (depending on the 
season and available amount of memory) and stored on 
internal flash disks. 

 
 

 

FIGURE 4: Station layout of the permanent seismic 
monitoring network at GB. 
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Recording 
System 

Geophones/Seismometers Amount 

RefTek 130 GS-11D 4.5Hz 3C 4 
Guralp 6TD 30s – 50Hz 3C 1 

 
TABLE 2: Equipment used at permanent monitoring 
network GB. 

4 EVENT IDENTIFICATION 

Most of the mass-movements in the alpine area are located 
in populated or farmed regions. This results in a high 
seismic noise level and makes the identification of micro-
earthquakes generated by the mass-movement a crucial task. 
Standard detection routines (e.g., STA/LTA) do not meet 
the requirements. 

When taking a look at a spectrogram or a sonogram 
(Joswig, 1990; Joswig, 1994) of a seismic trace, an expert is 
able to immediately identify abnormal patterns in the 
sonogram and classify them as seismic signals or noise. 
Humans treat these sonograms as images and classify the 
patterns according to their shape and location in the 
sonogram. 

Therefore, the approach of accounting and treating the 
sonogram as an image stands to reason. Image processing 
techniques provide valuable tools to extract patterns from 
sonogram images and to describe their shape. A seeded 
region growing algorithm is used to segment the sonogram 
images and cluster analysis links the extracted patterns 
found on different stations of the monitoring network to 
combined events. 

4.1 Pattern extraction 

The extraction of demonstrative patterns in sonogram 
images is the first step in the event identification. This step 
does not include any validation of the found patterns. It 
searches for patterns, which silhouette against the seismic 
background noise and therefore are of special interest. 

The sonogram is calculated using a short time Fourier 
transform. Prewhitening and an intensity transformation is 
accomplished to enhance the weak signal content (Gonzales 
and Woods, 2001). 

To extract the patterns, the sonogram image is segmented 
using a seeded region growing algorithm (Gonzales and 
Woods, 2001; Mehnert and Jackway, 1997). FIGURE 5 
visualize the main steps of the patterns extraction by means 
of a candidate of a micro-earthquake. The main task of the 
image segmentation process is to get rid of the random 
granular noise caused by the prewhitening of the sonogram. 

First the sonogram (FIGURE 5a) is thresholded and 
filtered with a 2D median filter to eliminate the granular 
noise. The result is an image containing the seed points 
(FIGURE 5b). These seed points and a blurred (lowpass 
filtered) version of the sonogram image (FIGURE 5c) are 
the input for the seeded region growing algorithm. The 
blurring of the sonogram image is done to enable the region 
growing algorithm to bypass eventual small holes in the 
sonogram image patterns. The result of the image 
segmentation is shown in FIGURE 5d. 

Characteristic features (e.g., first-break in time, extent in 
time, bandwidth or location of the centroid) can describe the 
extracted patterns. 

 

 

 

 

 

FIGURE 5: Extraction of demonstrative patterns in 
sonogram images: (a) sonogram and unfiltered seismogram, 
(b) seed points, (c) blurred version of the sonogram, (d) 
segmented sonogram image. 



4.2 Cluster Analysis 

The pattern extraction steps described above are single trace 
processes with no classification of the detected events. Each 
pattern is associated with characteristic features, but the 
patterns are not connected with each other. The information 
gained from the multiple stations of the seismic monitoring 
network is not yet included. 

Cluster analysis of the patterns found by the image 
segmentation links the single trace patterns to combined 
events based on their common features. The cluster analysis 
described in this paper uses three features to describe a 
pattern: the first-break, the location of the centroid and the 
frequency extent of the pattern. 

First, the patterns are clustered according to their first-
break. This is the most important feature of the three 
mentioned above. After this, the combined patterns are 
again clustered regarding the location of the centroid and 
the frequency extent. This splits combined events that 
consist of seismic noise patterns occasionally happening at 
the same time, but which have a different shape in the 
sonogram. 

The result of the cluster analysis is a list of combined 
events with the amount of stations on which the event has 
been recorded as a quality factor. The clustering of the 
events and the classification with a quality factor helps to 
reduce the events that have to be checked by a human 
operator. As an example, FIGURE 6 shows the result of 
clustering data recorded on a 13 stations network at NG 
during one week. Considering events that have been 
recorded at least on 5 stations as interesting seismic events, 
the amount of events that have to be checked reduce from 
87820 to 64. The outliers for 6 and 7 numbers of stations 
have been neglected and the values of the exponential fit 
have been used instead. 

 

 

FIGURE 6: Data reduction by cluster analysis. The data 
used was recorded on a 13 stations network over the period 
of 1 week. 

5 EVENT LOCALIZATION 

Besides the classification of seismic events based on their 
waveform, frequency content and recording on multiple 
stations of the monitoring network, the localization of the 
seismic event is a main indicator, if the event has been 
generated by the mass-movement. 

For events with sufficient signal to noise ratio and a clear 
first break, localization is done on the basis of first arrival 
times and existing 3D P-wave velocity models. Travel time 
calculations by solving the eikonal equation, grid-search, 
and probabilistic methods are used for this purpose (Podvin 
and Lecomte, 1991; Lomax et la., 2005). The localization 
using these algorithms is done with the software 
NonLinLoc. 

The methods were successfully tested by the localization 
of controlled seismic sources (dynamite shots). Examples of 
localizations and the illustration how this localization 
algorithm performs with different seismic events are given 
in FIGURE 7. These two figures show the localization of a 
local earthquake and a micro-earthquake recorded at HA. It 
can be seen, that in case of the micro-earthquake, the 
probability density function (pdf) forms a clear maximum 
inside the monitoring network. The pdf of the local 
earthquake forms a channel pointing at the direction of the 
earthquake’s epicentre outside the monitoring network. 

With the given station layout, the epicentre of the events 
can be well located, whereas the depth has large 
uncertainties. 

 

 

FIGURE 7: Localization of two seismic events recorded at 
HA; (a) top view, (b) 3D view. The stations (triangles), the 
topography and the pdf of the localization using NonLinLoc 
are shown. 

The localization using travel times of the events only is 
successful, if first-breaks can reliably be picked. In case this 
is not possible, the localization based on amplitude 
differences of recordings on two stations at a time is under 
development. 
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FIGURE 8: Localization using amplitudes of synthetic test 
data; (a) synthetic seismogram with smoothed envelopes 
(bold grey lines) and picked amplitudes (horizontal lines); 
(b) result of localization. Shown are stations (dark-grey 
circles), the actual (light-grey circle) and the calculated 
source locations (star). Contour lines plot the absolute 
values of the summed amplitude differences between station 
pairs. 

 

FIGURE 9: Localization using amplitudes of a dynamite 
shot recorded at NG; (a) seismogram; (b) result of 
localization. For further description see caption of FIGURE 
8. 

 

 

 

 

 

FIGURE 10: Seismogram with spectrogram (left) and 
localization (right) of (a) micro-earthquake recorded at GB, 
(b) micro-earthquake recorded at HA, (c) micro-earthquake 
recorded at NG, (d) dynamite shot recorded at HA, (e) 
narrow frequency event recorded at GB. The maps show 
stations (triangles), source locations (inverted triangles), and 
boundaries of the mass-movement (closed black lines). 



This method implements a grid-search algorithm 
minimizing the calculated and the observed amplitude 
differences. As examples, the localizations with synthetic 
test data and data of a dynamite shot are given in FIGURES 
8 and 9. 

6 CHARACTERISTICS OF MICRO-EARTHQUAKES 
CAUSED BY GRAVITATIONAL CREEP 

Many events classified as micro-earthquakes caused by 
deep-seated gravitational creep have a composite or 
multiple-event character. Typical recordings (Z-component) 
of multiple-event micro-earthquakes observed at GB, HA, 
and NG are shown in FIGURES 10a, b, and c. For 
comparison, the recording of dynamite shot on HA is shown 
in FIGURE 10d. The total duration of the micro-
earthquakes is 5–20 s, the main frequency content is < 30 
Hz. The later events of one composite micro-earthquake 
have little lower frequency content than the first event. The 
multi-event or composite micro-earthquakes are not the 
only type, identified on the mass movements. As an 
example, a narrow-frequency event is shown in FIGURE 
10e. 

7 WORK IN PROGRESS 

So far, event identification, classification, and localization 
have not been completed and work on these topics is in 
progress. Besides distribution in space and time of seismic 
activity in gravitationally creeping rock masses, 
seismological parameters, like moment tensor, slip vector, 
and fault plane area are of interest. The long term geodetic 
monitoring carried out especially at GB will offer an 
opportunity to relate seismological and geodetic data, and 
determine seismic efficiency. 
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