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Abstract 

 

In the last years Ground-Based Interferometric Synthetic Aperture Radar (GBInSAR) has 

proven its possibilities and advantages in detecting displacements and deformations in 

unstable areas. Two mass movement affected sites, the Hornbergl in Reutte, Tyrol and 

the Ingelsberg in Bad Hofgastein, Salzburg were investigated using this powerful tool to 

better understand the effective slope behavior. 

The key concepts of GBInSAR, as well as the data processing and analysis are described in 

this thesis. At both sites monitoring delivered continuous information of occurred 

displacement with accuracy in the range of millimeters. Additionally, a high temporal 

resolution with measurement intervals below seven minutes was provided. Movement 

patterns could be observed and evaluated. Moreover, the extent of landslide affected 

area was defined and possibly collapsing parts were highlighted.  

Measurement results for the Hornbergl displayed constant displacement within 

depositional areas (e.g. talus and toe areas), not indicating significant movement of 

extensive parts of the steep and confining cliffs. At the Ingelsberg continuous 

displacement within depositional areas as well as distinctive rock fall events could be 

detected. A comparison with different monitoring methods (e.g. fissurometer) proved 

the consistent displacement tendencies detected by various techniques. Time of slope 

failure predictions were calculated using the method proposed by Fukuzono (1985).  

Summarizing GBInSAR delivers highly useful information about the slope behavior of 

both investigation sites, considering a few limiting factors (e.g. vegetation and 

atmospheric influence).       

 

 

 



  

  IV 

 

 

Kurzfassung 

 

In den letzten Jahren hat sich bodengestützte Radarinterferometrie mit synthetischer 

Apertur (GBInSAR) als ein leistungsstarkes Instrument für die Überwachung von 

Verformungen und Bewegungen in instabilen Regionen bewährt. Mit dem Hornbergl, 

nahe Reutte in Tirol, und dem Ingelsberg, nahe Bad Hofgastein in Salzburg, wurden zwei 

Gebiete, die akut von Massenbewegungen betroffen sind, mittels dieser Technologie 

untersucht um die vorherrschenden Hangprozesse besser zu verstehen.   

In dieser Arbeit werden die Grundprinzipien von GBInSAR, als auch die 

Datenverarbeitung und Auswertung besprochen. In beiden Untersuchungsgebieten 

konnten kontinuierliche Verschiebungsdaten mit einer Genauigkeit im Millimeterbereich 

erfasst werden.  Messintervalle von unter sieben Minuten ermöglichten eine enorm 

hohe zeitliche Auflösung der Verschiebungsdaten. Bewegungsmuster wurden erfasst und 

bewertet und zusätzlich konnte das Ausmaß der, von Massenbewegungen betroffenen, 

Gebiete abgegrenzt werden, wobei mögliche Gefahrenbereiche hervorgehoben wurden.  

Die Messergebnisse für das Hornbergl zeigten durchgehend Bewegungen in den 

Ablagerungsbereichen (z.B.: Schuttkegel und Fußbereiche), jedoch keinerlei signifikante 

oder großflächige Verschiebungen in den angrenzenden Steilwänden. Am Ingelsberg 

konnten kontinuierliche Bewegungen in den Ablagerungsbereichen, als auch plötzliche 

Felsstürze beobachtet werden. Eine Gegenüberstellung der Radardaten mit anderen 

Überwachungsmethoden (z.B.: Fissurometer) bestätigte die Bewegungstendenzen der 

verschiedenen Messprogramme. Eine Prognose der Versagenszeitpunkte wurde mittels 

der Methode nach Fukuzono (1985) erstellt.  

Zusammenfassend lieferte GBInSAR enorm nützliche Informationen der vorherrschenden 

Hangprozesse in beiden Untersuchungsgebieten zur Verbesserung der geologischen 

Modelvorstellungen.     
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1.  Introduction 

The need for a precise, real-time and safe monitoring of hillslope deformations and 

stability is indispensable. With a rising number of settlements and infrastructure in 

possibly hazardous mountainous regions, the impact of devastating events is increasing 

(Schares, 2012). Precise, real-time monitoring data contributes hazard maps to predict 

future hillslope failures, for example by applying the inverse velocity method of 

Fukuzono (1985). 

 

1.1   Objectives 

To gain a better understanding of slope behavior and to generate comprehensive 

displacement maps of the Hornbergl and the Ingelsberg the application of a Ground-

Based Interferometric Synthetic Aperture Radar (GBInSAR) is advantageous, as this 

technique enables the remote monitoring of large-scale landslides with accuracy in the 

mm range (Luzi, 2010, Mazzanti, 2011). The generated displacement maps include 

information for every scanned pixel, offering time series plots of displacement or velocity 

for the entire survey domain. A continuous displacement map provides necessary 

information regarding the magnitude and location of movements. Using the GBInSAR 

measurements the main objectives include: 

Á Gain insight to slope processes 

Á Assess whether significant volumes of rock or soil material displace or once in 

motion potentially mobilize into a significant landslide event 

Á Correlation of displacement to climate variations 

Á Where applicable, compare GBInSAR results to independent conventional survey 

measurements 

Á Where possible, use the inverse velocity method of  Fukuzono (1985) to estimate 

time of slope failure 
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2.  Literature Review 

2.1   GBInSAR Technology 

This chapter is dedicated to deliver an introduction from the invention of the basic 

principles of radar to the nowadays applied method GBInSAR (Ground-Based 

Interferometric Synthetic Aperture Radar).  Radar is an acronym for Radio detection and 

ranging and involves a technique, where the backscattered echoes of actively generated 

microwaves are measured (Rödelsperger, 2011). In this process electromagnetic waves 

illuminate objects, surfaces and volumes with a certain resolution (Luzi, 2010). With the 

invention of synthetic aperture radar (SAR) the spatial resolution of radar images was 

improved significantly. Over the last couple of decades, satellite-borne radar used for 

reƳƻǘŜ ǎŜƴǎƛƴƎ ōŜŎŀƳŜ ŀ ǇƻǿŜǊŦǳƭ ŀƴŘ ƘƛƎƘƭȅ ǊŜƭƛŀōƭŜ ǘƻƻƭ ŦƻǊ ƛƴǾŜǎǘƛƎŀǘƛƴƎ ǘƘŜ 9ŀǊǘƘΩǎ 

surface.  With the launch of the NASA satellite SEASAT in 1978 it was soon demonstrated 

that synthetic aperture radar (SAR) was able to acquire features like topography, 

morphology or roughness of the backscattering layer (Bamler and Hartl, 1998). In the 

late 1980s the first interferograms were produced, whereby several acquired SAR images 

were compared with each other. More exactly interferometry exploits the phase 

information of at least two different SAR images to retrieve temporal or spatial 

information of the propagating waves (Luzi, 2010). Information derived from these 

interferograms can be used to assess different parameters, such as topography, 

deformations of the surface or vegetation properties (Bamler and Hartl, 1998). This new 

method, called Interferometric Synthetic Aperture Radar (InSAR) enabled the mapping 

and detection of huge areas with respect to surface displacements (Bamler and Hartl, 

1998). 

In contrary to the satellite born method ground-based or terrestrial InSAR was developed 

to acquire images with higher temporal resolution (5-10min) using a stable baseline 

(Luzi, 2010, Rödelsperger, 2011). The first prototypes of terrestrial InSAR equipment 

were developed by the Joint Research Center (JRC) of the European Community in the 

late 90s (Rödelsperger, 2011). The first commercially available apparatus was 

manufactured by IDS in cooperation with the Department of Electronics and 
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Telecommunications at the University of Florence and is distributed in similar form since 

2006  (Rödelsperger, 2011, Mazzanti, 2011).  

In the last decade Ground-Based Interferometric Synthetic Aperture Radar, further on 

mentioned as GBInSAR, equatable with the term TInSAR (Terrestrial InSAR), as 

sometimes used in literature, has gained significant interest in the field of Geotechnics 

(Mazzanti, 2011). This technique uses one microwave emitting and one receiving sensor 

to gain radar images, while moving along a rail track (Monserrat Hernandez, 2012). One 

of the biggest advantages of this technique is the independency of weather and daytime 

limitations due to the usage of microwaves. With providing two dimensional 

displacement maps at a spatial resolution of a few meters and an accuracy of 1/10mm to 

1mm, this novel tool already proved its possibilities on several fields of applications 

(Rödelsperger, 2011). Especially the monitoring of hazardous slopes and landslides, often 

in connection with construction sites, stayed in the focus of numerous research projects 

(Tarchi et al., 2003, Herrera et al., 2009, Barla et al., 2010, Mazzanti et al., 2011, Bozzano 

et al., 2011), as well as the observation of unstable volcano flanks (Rödelsperger et al., 

2009), the generation of digital elevation models (Rödelsperger et al., 2010) or the 

acquisition of snow cover characteristics (Luzi et al., 2009).  

 

2.1.1 Principles 

Working on the basic principle of a Pulse Radar, GBInSAR equipment uses three different 

techniques to increase the possibilities of radar observations (Rödelsperger, 2011): 

Á Stepped Frequency Continuous Wave (SFCW) to acquire range resolution (see 

chapter 2.1.1.2) 

Á Synthetic Aperture Radar (SAR) to acquire azimuth and cross range resolution 

(see chapter 2.1.1.3) 

Á Interferometry to detect and calculate object displacements (see chapter 2.1.1.5) 

Generally an image is acquired by the radar head, which moves perpendicular to the 

measurement direction in a continuous way along the rail. As a result of every 

acquisition, a two dimensional image with an amplitude and phase information for every 
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single measurement pixel is generated. Within the radar image a correlation between 

the phase ʒ, the known wavelength ʇ and the distance r is given (Rödelsperger, 2011, 

Schares, 2012)(Equation 1). 

  ʒ  Òz              (  1  ) 

 

The dimension of the measured pixels is defined by a constant range resolution of 0.75m 

and distance dependent cross range resolution of 4.4mrad, which resembles 4.4m at a 

distance of 1km (IDS, 2013)(www.idscorporation.com);(Figure 1). Basically GBInSAR 

devices are only capable of measuring displacements along the Line of Sight (LoS) from 

the antenna head to the illuminated surface.  

 

2.1.1.1 Pulse Radar 

 Pulse Radar uses an emitted primary signal and a backscattered secondary signal within 

the microwave frequency to measure a distance to a specific object (Schares, 2012). In 

the simplified example of Figure 2 the emitted pulse is reflected by the airplane and 

received with an echo delay T0.  Using this information and the known speed of light c (  

3 x 108 m/s), the distance R0 to the investigated object can be determined (Coppi, 

2011);(Equation 2). 

Figure 1, Resolution cells GBInSAR (Kurka, 2012); graphics 
from IDS, 2011 

 

 

http://www.idscorporation.com/
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  Figure 3, Range resolution concept (Coppi, 2011) 

                       ς2  Ãz 4 2
 z 

             (  2  ) 

 

  

The distinction of echoes of two different pulses is only enabled, if the difference of their 

receiving time ҟt is higher than the duration of the pulse ̱ or if the distance between the 

objects ҟd is higher than the range resolution ҟR (Figure 3, Equation 3) modified after 

(Coppi, 2011).  

ЎÔ  ʐ ЎÄ  ЎὙ     (  3  ) 

 

Therefore, the range resolution can be expressed as a dependency of the pulse duration 

ʐ or the pulse bandwidth B (Equation 4). To overcome this disadvantageous limitation 

the pulse width has to be shortened or the SF-CW approach has to be applied to receive 

a higher range resolution (Rödelsperger, 2011).  

Ў2  
 z
               (  4  )

  

Figure 2, Pulse Radar working principle (Coppi, 2011) 
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2.1.1.2 SF-CW 

To increase the range resolution the radar pulse is fully synthesized by means of the 

Stepped Frequency Continuous Wave (SF-CW) technique (Paulose, 1994). This approach 

uses the fact, that the range resolution is inversely proportional to the swept bandwidth 

of the radar pulses (Equation 4),(Alba et al., 2008). Instead of transmitting a short pulse 

with duration ʐ using a large bandwidth within one frequency domain, the IBIS-FL radar 

transmits a sweep of synthesized N monochromatic waves equally and incrementally 

spaced in frequency (Alba et al., 2008, Jungner, 2009). This is realized using fixed 

frequency steps of ҟf within a bandwidth B (Equation 5), (IDS, 2012). 

"  ЎὪ . ρ        (  5  ) 

    

One sweep containing all frequency steps within the entire bandwidth resembles one 

measurement position of the radar head along the rail (Figure 4), (Schares, 2012). For 

each frequency step IBIS-FL acquires a complex vector containing components of the 

reflected echo representing the frequency response of the N pulses. Using an Inverse 

Discrete Fourier Transform (IDFT) the stored data is then converted from time to range 

domain (Coppi, 2011). This range profile delivers a one dimensional map of the reflected 

objects in the LoS as a function of their relative distance from the radar (Schares, 2012). 

The SF-CW approach enables IBIS-FL to provide a range resolution ЎR of 0.75m, which 

defines certain range bins along the measured profile (Schares, 2012). The radar beam 

illuminates n target points at different distances and angles, being 0.75m apart (Alba et 

al., 2008). Targets within the same range bin return a cumulative response. As a result it 

is impossible to distinguish between certain objects or their displacements within one 

Figure 4, Synthetic pulse with bandwidth B and frequency steps ҟf using SF-CW, modified after (Schares, 2012) 



MasterΩǎ Thesis        Institute of Applied Geology  

 

  7 
 

Figure 5, Idealized range measurement along a profile with several targets showing the amplitude of the echoes 
(Coppi, 2011) 

range bin, as the echo delivers a description of the mean changes of all scatterers (Alba 

et al., 2008, Jungner, 2009). An exemplary range profile illustrates the range resolution 

concept and the limitation of two or more objects within one range bin (Figure 5). 

 

2.1.1.3 SAR 

To overcome the problems of illuminated objects in one range bin an additional 

approach is executed. By moving the radar head along the rail a synthetic aperture is 

simulated (Rödelsperger, 2011). By combining several coherent, slightly offset images of 

the same scene, a synthetic aperture allows the focusing of all gained acquisitions into 

one two-dimensional image (Jungner, 2009). This Synthetic Aperture Radar (SAR) 

technique is accomplished by a stepped but almost continuous movement along the rail, 

perpendicular to the measurement direction. All acquired images with slightly different 

viewing angles are compressed into one image, which adds a cross-range resolution, 

assuming that all images are captured at the same time (Schares, 2012). The obtained 
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angular resolution Ўג is defined by Equation 6, where  ˂ is the wavelength and L the 

synthesized antenna length (= 2m in case of IBIS-FL);(Alba et al., 2008). 

      Ў‮                           (  6  ) 

 

As a result of Equation 6 and the 2m movement along the rail a cross-range resolution of 

4.4mrad is obtained. Since cross-range resolution is defined as an angle, the 

measurement cells increase linearly in size in the cross-range direction with distance 

from the radar (Jungner, 2009). Therefore the pixel resolution changes with distance, 

reducing the possibility of detecting small-scale objects at the maximum range. 

Combining the SF-CW and the SAR technique exact measurement pixels (Figure 6) are 

defined by a range resolution of 0.75m and a cross-range resolution of 4.4mrad (e.g. 

@1km, 0.75m by 4.4m; @2km, 0.75m by 8.8m);(Alba et al., 2008, Coppi, 2011, IDS, 

2013). 

 

 

 

Figure 6, Illustration of the pixel resolution defined by range resolution ЎR and cross range resolution ЎCR (Coppi, 
2011) 
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2.1.1.4 Focusing 

One automatic step within the evaluation software IBIS-Guardian to obtain a grid with 

spatial resolution is the focusing of the detected amplitude and phase values 

(Rödelsperger, 2011). SAR images highly differ in their geometrical and radiometric 

properties from optical images, as they mainly depend on the geometry of the target and 

the type of reflecting material (Rödelsperger, 2011). The application of an Inverse 

Discrete Fourier Transform (IDFT) onto the raw images enables the transformation of the 

gained data from the frequency domain into the spatial domain (Schares, 2012). In Figure 

7 the focusing of a GBInSAR image is illustrated. By applying the IDFT on each column of 

the raw image (Figure 7a) a range focused image is generated (Figure 7b), (Rödelsperger, 

2011). Repeating the same procedure for the rows a completely focused image is created 

(Figure 7c). As last step the image is transposed into a Cartesian x-y-grid (Figure 

7d);(Schares, 2012).  

Figure 7, Different stages of focusing during the generation of a GBInSAR image (Amplitude only);(Rödelsperger, 2011) 
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For interpretation reasons the addition of a geo-referenced Digital Elevation Model 

(DEM) is indispensable. Introducing a z-coordinate to the system a local three-

dimensional coordinate system (X, Y, Z) is required. Its origin is located in the center of 

GBInSAR rail, whereby X is orientated in direction of the movement of the radar along 

the rail, Y in direction of the measurement and Z as a vertical axis (Rödelsperger, 2011). 

The range resolution concept now produces a distortion of the measurement cells due to 

irregular topography (Rödelsperger, 2011). The main limitation related to this issue is 

that all objects within one range and azimuth bin, but with different elevation, are 

mapped indistinguishably into one pixel (Rödelsperger, 2011). A measurement cell is 

defined by a certain size on a two-dimensional plane. If this cell is projected at a vertical 

cliff in a three-dimensional system one pixel may cover the entire length of the cliff and 

therefore summarizes all properties along this cliff into one pixel (Figure 8). This loss of 

information can be minimized by choosing an advantageous sensor position.  

 Figure 8, Distortion of measurement cells due to the projection on a three-dimensional system 
(Coppi, 2011) 
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2.1.1.5 Interferometry 

Interferometry is based upon the comparison of different phase components ʒ of at 

least two coherent radar images (Figure 9), (Schares, 2012). Using data from different 

viewing points or instants of time the measurement of relative range differences is 

enabled (Schares, 2012). In both case studies, the Hornbergl and the Ingelsberg, the SAR 

images were collected at different time periods, but at the same sensor position. 

Therefore the spatial baseline equals zero, but a temporal baseline gets introduced, due 

to the temporal change of the distance between the target and the sensor 

(Rödelsperger, 2011). Basically a possible displacement d in the Line of Sight for every 

single pixel can be derived from equation 7 (Mazzanti, 2011, Schares, 2012).  

Two major complications arise during the generation of an interferogram. As the phase is 

periodic within [-ˉΣҌˉϐ ŀƴ ŜȄŎŜǎǎ ƻŦ ǘƘƛǎ ǾŀƭǳŜ ŎǊŜŀǘŜǎ ŀ ŀƳōƛƎǳƛǘȅ ƻŦ ǇƘŀǎŜǎΣ ŘǳŜ ǘƻ ǘƘŜ 

unknown number of phase cycles (Jungner, 2009). Therefore the maximum unambiguous 

measurable phase between adjacent pixels is reduced to ±   , defined by equation 7 

ǳǎƛƴƎ ҕˉΦ   

Ä  ʒ ʒ       (  7  ) 

 

Using the Ku band with a wavelength of 17,44mm the maximum unambiguous change of 

distance between two measurements is limited to approximately 4,38mm (Schares, 

2012). If the phase gradient stays below this threshold the absolute or real phase can be 

reconstructed with phase unwrapping (Jungner, 2009). To resolve a possible 

transgression of this threshold the Persistent Scatterer Interferomtry (PSI) technique is 

introduced. This approach uses time series of pixels with highly coherent phase 

measurement results as a stable reference in relation to quickly moving points (Schares, 

2012).  
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Another error prone factor exists with changing atmospheric conditions at the 

investigation site. As the images are taken during slightly different climatic conditions, 

the changing diffraction index influences the propagation velocity of the electromagnetic 

waves (Rödelsperger, 2011). Mainly humidity, temperature and atmospheric pressure 

introduce errors to the measured phase (Rödelsperger, 2011). As a result the measured 

phase difference ҟʒ does not resemble the true phase difference ҟʒr , as the 

atmospheric phase contribution ҟʒatm , the phase ambiguity ҟʒn and noise ҟʒnoise have 

to be considered (Equation 8) (Jungner, 2009, Kurka, 2012). 

Ўʒ  Ўʒ  Ўʒ  Ўʒ  Ўʒ   (  8  ) 

 

To resolve most of the atmospheric influence IBIS Guardian uses different atmospheric 

models, which are embedded within the evaluation software IBIS Guardian and offer 

only an approximation for discerning complex atmospheric effects. (Schares, 2012). As 

atmospheric influence affects the entire radar image to the same degree, persistent or 

permanent scatterer deliver a coherent phase signal to discriminate between 

atmospheric pseudo displacement and real displacement.   

Figure 9, Principle of interferometry (Coppi, 2011) 
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2.1.2 Permanent Scatterer 

One of the most challenging aspects for radar based measurements is the correct 

handling of atmospheric artifacts. To resolve atmospheric influence the permanent 

scatterer (PS) approach is introduced, which originates from space-borne radar 

campaigns (Rödelsperger, 2011). Using the complete phase information of highly time-

coherent permanent scatterers, the accuracy of the entire measurement is pushed 

within the sub-mm range (Colesanti et al., 2003). The basic principle of this technique 

relies on the estimation of displacement, morphology, atmosphere and other disturbing 

parameters via certain stable permanent scatterers (Rödelsperger, 2011). Usually the 

analysis of obtained interferograms delivers this sort of information. Due to the highly 

changing conditions for space-borne SAR various techniques using similar approaches 

have been developed and summarized via the term Persistent Scatterer Interferometry 

(PSI) (Rödelsperger, 2011).  

Atmospheric artifacts are usually spatially correlated within one radar acquisition and 

highly diverse in time (Colesanti et al., 2003). On the contrary displacement normally 

shows a strong correlation in time and a more complicated spatial correlation depending 

on the failure or movement mechanism (Ferretti et al., 2000, Colesanti et al., 2003). 

Assuming that certain pixels remain stable within time in terms of displacement during 

multiple SAR images, the atmospheric effect can be estimated using these referencing 

pixels (Ferretti et al., 2000). The calculated displacement is then corrected by subtracting 

the atmospheric artifacts.  

 

2.1.3 Corner Reflectors 

Environments with a closed cover of vegetation may produce problems in terms of target 

reflectivity and signal power (Rödelsperger, 2011). As a result the accuracy drops 

significantly and measurements are normally confined to non-vegetated areas. To 

resolve this limitation, artificial reflectors (e.g. corner reflectors) can be mounted within 

the investigation site. Accessibility to the site has to be given to allow an installation.  
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Different radar reflectors are shown in  Figure 10, whereby trihedral reflectors show the 

best reflecting properties and the most tolerance for inaccurate adjustment 

(Rödelsperger, 2011). Due to their metal surface a distinctive amplitude signal is 

received, which theoretically allows the clear distinction from all other surrounding 

reflected signals.  

 

2.2   IBIS-FL 

In this thesis further research was realized with the apparatus IBIS-FL (Image by 

Interferometric Survey - Landslide; Figure 11), manufactured by the company IDS 

(Ingegneria dei Sistem S.p.A.; www.idscorporation.com), which is commercially available 

in similar form since 2006 (Mazzanti, 2011). The used equipment had the technical 

prerequisites for an upgrade to the next generation of IBIS scanner, the so called IBIS-FL 

version. This upgrade comprises faster acquisition intervals and therefore less 

atmospheric influence during one measurement (IDS, 2013). Anyhow this advantage 

could not be used during half of the measurement campaigns due to a missing software 

update, which was finally executed on May 2nd 2013. Up to this date measurements 

were executed using the former IBIS-L version, which resembles the IBIS-FL version in all 

properties, except the scan time.  

 Figure 10, Different types of radar reflectors (Rödelsperger, 2011) 

http://www.idscorporation.com/
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IBIS-L/IBIS-FL is a linear Ground-Based Interferometric Synthetic Aperture Radar which is 

composed of a radar head, a 2.5m long linear rail with an effective path length of 2m, a 

power supply module and a controlling notebook. The rail has to be mounted on a stable 

foundation like a concrete block. The radar head is mounted on a trolley, which is moving 

continuously along the rail. Two antennas transmit and receive radar waves with a 

frequency ranging from 17.1GHz to 17.3GHz (IDS, 2012). The sensor can be tilted to 

obtain the best fitting viewing angle.  

The instrument is controlled with a laptop computer. After every measurement, which 

takes approximately 2.5min or 5-10min, depending on the maximum range and the 

software version (IBIS-L/IBIS-FL), one file with the extension gbd is stored on the local 

hard disk. The file size depends on the chosen maximum range and resolution and 

averages around 10-30 MB. By the use of a 3G modem, data transmitting is enabled, but 

only for already processed psv files (70-100 KB) to keep the transmitted data volume as 

low as possible. This processing step requires the prior creation of a mask in the field, as 

this step is only applicable on the gbd files.  

Figure 11, IBIS-FL equipment mounted on a concrete foundation in Bad Hofgastein 
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All descriptive properties (Table 1) resemble both the IBIS-L and IBIS-FL version and most 

of the measurements were performed using Version 01.03.002 of the evaluation 

software IBIS-Guardian and the controlling software IBIS Controller (IDS, 2012).  

Table 1,Technical specifications of IBIS-L/IBIS-FL; modified after (IDS, 2012, IDS, 2013) 

 

 

 

 

 

 

 

 

 

2.2.1 Advantages and Disadvantages 

IBIS-L/IBIS-FL has several advantageous properties as well as some limitations 

(Rödelsperger, 2011, IDS, 2013, Schares, 2012). 

Advantages: 

Á As a remote sensing technique with a maximum range of 4km, possibly 

dangerous or inaccessible sites can be monitored without the prior installation of 

reflectors. 

Á High accuracy and spatial resolution due to the use of radar waves. All targets 

within the radar beam are monitored simultaneously with an accuracy of 0.1 to 

1mm.  

Á Independent of weather and daylight conditions, monitoring is continuously 

possible during the night and during limited visibility (e.g. fog, clouds or rain). 

Parameter Value 

Frequency f 17.1 - 17.3GHz 

Central Wavelength ʇ 17.44mm 

Bandwidth B 200MHz 

Scan time ҟt (IBIS-L) 5 ς 10min 

Scan time ҟt (IBIS-FL) 2.5min 

Scan length L 2m 

Maximum distance Rmax 4000m 

Range Resolution ҟR 0.75m 

 Cross-range resolution ҟ(egnar m0001 @ m4.4) darm4.4  ‮ 

Antenna type IBIS-ANT6 (beamwidth of 50° 
horizontal and 20° vertical) 
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Moreover, IBIS-FL performs measurements, once initiated, automatically without 

the need of human intervention.   

Á In contrary to space-borne SAR IBIS-L/IBIS-FL has full control of the spatial 

baseline and is therefore perfectly suitable for displacement measurements. 

Á Due to continuous monitoring a high sampling rate is achieved, with 

measurements taking place every 2.5min and 5-10min, respectively. A high 

sampling rate enables real-time monitoring of possible displacements. 

Limitations: 

Á IBIS-L/IBIS-FL infrastructure requirements are significant: a stable foundation, a 

power supply and a protective housing. 

Á Vegetation reduces the reflectivity and therefore the accuracy of targets 

significantly. Additionally grass, bushes or trees are subject to possible movement 

due to changing climatic conditions (e.g. wind and rain). Artificial reflectors (e.g. 

corner reflectors) or highly reflecting areas (e.g. rock walls, debris or concrete) 

are required to achieve sufficient coherence of measurements.  

Á Atmospheric delay can reduce the accuracy. During rapidly changing weather 

conditions or long term monitoring, the introduction of stable reference points or 

exact weather data is necessary. 

Á Phase ambiguity may disable the identification of the correct phase. Additionally 

rock fall activities or other fast moving processes may complicate the phase 

identification.  

  

2.3   IBIS Controller 

Using the IBIS Controller software configurations for the acquisition of radar images are 

implemented. Mainly information regarding the maximum distance (<4km), the range 

resolution (0.75m) and the antenna type have to be specified. Additionally, the synthetic 

aperture can be specified. Any value below the maximum synthetic aperture of 2m 

decreases the cross-range resolution of 4.4mrad, simultaneously the scan time is 

reduced. An average scan time of 7min may be expected for IBIS-L. For the most recent 

software version of IBIS-FL scanning times around 2.5min are realized. With a shorter 
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acquisition time the atmospheric influence during one measurement decreases 

considerably leading to a more accurate measurement result (IDS, 2013).  

Measurements are stored as gbd raw files which require 10-30MB memory capacity. To 

accelerate data transfer and processing of the data, a selection mask defines investigated 

area and applies filtering thresholds. After this processing step the masked files are 

stored in the psv format with a file size of 70-100KB. 

 

2.3.1 Masking 

For the creation of a valid selection mask at least two gbd files have to be processed to 

generate three different radar maps (Figure 12). Due to the temporal deviation of the 

measurements the coherence map delivers a very useful map of the stability of all pixels 

in every image (Figure 12c and Figure 12d). Moreover, a general power map (dB) (Figure 

12a) and a signal to noise ratio (SNR) map (Figure 12b) of the reflected signal are created. 

Generally non-vegetated areas (e.g. rock, debris, concrete) provide a strong and stable 

signal, whereas trees and bushes show high noise values (Rödelsperger, 2011).  

Figure 12, Power map (a); Signal to noise ratio (SNR) map (b); Coherence map (c); Selection mask (green) applied 
onto the coherence map of the Ingelsberg investigation (d). Bright areas indicate highly coherent pixels and 
represent rocky or sparsely vegetated areas.  
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After the introduction of an adequate mask, gbd raw files are proccessed into psv files, 

which are then transferred to the Department of Applied Geosciences in Graz. The psv 

files include the masked area and the excluded area is only stored within the gbd files. 

Collected measurement data is then imported into IBIS Guardian for further processing 

and visualization.   

  

2.4   IBIS Evaluation Software 

IDS provides two different approaches to process measurement data. First of all IBIS Data 

Viewer (IBIS-DV) allows a basic calculation of displacement maps. The advantage of this 

software is the possibility of inserting Ground Control Points (GCP), which act as a 

reference to the occurred displacement to remove atmospheric noise. However IBIS Data 

Viewer does not allow visualization of the processed displacement maps onto a digital 

terrain model (DTM). In contrast to this basic approach, IBIS Guardian enables a more 

advanced processing of displacement maps with the advantage of visualization with a 

geo-referenced DTM.  

 

2.4.1  IBIS Guardian 

IDS developed IBIS Guardian to allow a quick analysis of the acquired radar data. Many 

ŀŘǾŀƴǘŀƎŜǎ ŀǊƛǎŜ ǿƛǘƘ ǘƘƛǎ ƛƴǘŜƴǘƛƻƴΣ ōǳǘ ǘƘŜ ǎƻŦǘǿŀǊŜ ǊŜƳŀƛƴǎ ŀ ΨōƭŀŎƪ ōƻȄΩ ƛƴ ǘŜǊƳǎ ƻŦ 

used algorithms or applied atmospheric corrections. IBIS Guardian was used for the main 

part of the processing due to its straightforward approach. Hence a short overview of its 

functions will be given here.   

IBIS Guardian has its advantages with calculating displacement maps visualized on 3D-

terrain models. Using airborne laser scan data a DTM was selected and transformed to a 

resolution of 1x1m. Within the DTM options the position and northing (viewing direction 

in degrees deviating from north) of the IBIS radar are inserted to provide a precise 

overlay of displacement data onto the DTM. After choosing the previously defined 

selection mask all acquired psv files are processed and displayed as maps with different 
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information. IBIS Guardian calculates a displacement map, using interferograms of all 

radar images, a velocity map, which simply indicates the speed at which displacement 

occurred, and an amplitude map with the power of the signal. Moreover, pixels and 

areas can be selected and investigated using their time series. Generated time series are 

simply exported as .txt file for further correlation with other data (e.g. meteorological 

data). One week of data with a measurement interval of 7 minutes requires several 

hours for processing using a customary computer (e.g. Intel Core i7 and 8GB RAM ). 
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3.  Hornbergl Study Site 

3.1   Regional Setting 

The Hornbergl study area is situated within the Ausserfern in Tyrol, Austria, near to the 

town of Reutte (Figure 13). The Hornbergl is located directly west of the village of Höfen. 

The study area is bordered by the Murenbach and the Herrenbach to the North and the 

South, respectively.  

With an elevation of 1755m above sea level the Hornbergl is not a very dominant peak in 

this area. The steep rock wall beneath the ΨIǀŦŜƴŜǊ YǊŜǳȊΩ (Figure 15 & Figure 14), which 

is directly located on the peak of the Hornbergl, and the almost vertical cliff along the 

south-east striking ridge were investigated by means of the GBInSAR. The south-east 

striking ridge reaches from the peak of the Hornbergl down to an elevation of 900m 

above sea level. Confined by the Murenbach and Herrenbach the ridge forms slopes with 

a gradient of up to 40° to the South and the East (Moser et al., 2009), whereas its 

boundary to the North is an almost vertical cliff. In Figure 15 the investigated area is 

highlighted with a white line, moreover, repeatedly mentioned areas are marked by 

arrows. 

Figure 13, Location of the Hornbergl study area within Austria, Scale 1:2 000 000 (BEV, 2013) 
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The study area has a temperate climate with a relatively high yearly precipitation of 

1411mm in the reference period between 1981-2010 (ZAMG, 2013c). Due to the 

dominant influence of humid north-western weather in middle Europe, the Ausserfern 

area represents a geographic barrier enabling high amounts of rain and snow to fall 

(ZAMG, 2013c). Temperature ranges between monthly average -3°C in January and 16°C 

in July in the reference period of 1961-1990 (ZAMG, 2012). 

Figure 14, The Hornbergl seen from the valley (view looking SW). The ΰIǀŦŜƴŜǊ YǊŜǳȊΨ is located at the right edge, 
whereby the south-east striking ridge and its confining cliffs can be seen at the left.   

Figure 15, Hornbergl study area indicated with white shading, Scale 1:50 000 (BEV, 2006) 
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The vegetation around the Hornbergl and the south-east striking ridge is dominated by 

spruces and mountain pines, which often display an inclined growth. Generally the study 

area ŘƻŜǎƴΩǘ ŜƴŀōƭŜ ǎƛƎƴƛŦƛŎŀƴǘ ƭŀƴŘ ǳǎŜΣ ŘǳŜ ǘƻ ǘƘŜ ǎǘŜŜǇ ǘŜǊǊŀƛƴΦ !ǘ ǘƘŜ ƭƻǿŜǊ ŜƴŘ ƻŦ 

Murenbach and Herrenbach agricultural land is situated. 

According to the ZAMG (2013a) 14 earthquakes per year on average are noticeable in 

Tyrol. The area around Reutte is situated within seismic risk zone 3 (Figure 16), where 

major damages to buildings may occur (ZAMG, 2013a).  

The Hornbergl is part of the Northern Calcareous Alps, which are dominated by extensive 

nappes and foldings. In the Hornbergl area (Figure 17) rock units are built up by the 

Allgäunappe (Ψ!ƭƭƎŅǳ-DŜŎƪŜΩ) as footwall and by the Lechtalnappe (Ψ[ŜŎƘǘŀl-DŜŎƪŜΩ) as 

hanging wall (Tollmann and Deuticke, 1976b). As the Allgäunappe is not directly 

encountered in the investigation area of the Hornbergl, a more precise description of the 

single formations is only given for the Lechtalnappe.  

 

 

Figure 16, Earthquake hazard map of Tyrol (ZAMG, 2013a) 
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Figure 17, Regional geological map of the area around Reutte, Scale 1:50 000, modified after (GBA, 2009) 
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3.2   Site Conditions 

At the base of the Lechtalnappe the ΨwŜƛŎƘŜƴƘŀƭƭŜǊ {ŎƘƛŎƘǘŜƴΩ (Reichenhall formation) are 

forming the undermost layer of carbonatic Triassic with distinctive boundaries to the 

neighboring formations (Tollmann and Deuticke, 1976a). Built of calcareous, dolomitic, 

sandy or rauhwacke components it is thought to origin from a shallow inter to 

supratidale depositional milieu (Tollmann and Deuticke, 1976a). Due to the alternating 

sequences of trans- and regressional phases saliniferous and evaporitic interlayers were 

built (Moser et al., 2009). The formations overlying the Reichenhall formation are 

summarized as Ψ!ƭǇƛƴŜ aǳǎŎƘŜƭƪŀƭƪ DǊǳǇǇŜΩ (Alpine shell limestone unit), whereby a 

more exact subdivision would be, from a stratitgraphical point of view, lower to higher, 

Virgloria formation, Steinalm formation and Reifling formation (Kirschner, 2006). These 

three layers all consist of alternating layers of limestone and marly interbeds (Figure 18), 

with partly bioturbatic Micrites (Kirschner, 2006). The Virgloria formation shows 

Figure 18, Typical alternating layers of limestone and marly interbeds of the Ψ!ƭǇƛƴŜ aǳǎŎƘŜƭƪŀƭƪ DǊǳǇǇŜΩ 
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centimeter thick beds, whereby the Steinalm formation builds up decimeter thick beds 

(Kirschner, 2006). The Reifling formation is highly distinctive due to its main component 

the ΨwŜƛŦƭƛƴƎŜǊ YƴƻƭƭŜƴƪŀƭƪΩ or Reifling nodular limestone. Consisting of light greyish to 

light brownish rather thin beds of limestone, it always shows a typical undulating and 

nodular surface (Tollmann and Deuticke, 1976a). The alpine shell limestone unit 

dominates the appearance of the Hornbergl (Figure 19), especially on the steep slope to 

the Murenbach where there are near-vertical cliffs up to 130m height. The overlying 

Partnach formation is marked by an increase in marl and thicker interbeds, respectively. 

Simultaneously a decrease of the carbonatic content is observable (Kirschner, 2006). 

According to Moser et al. (2009) light grey and almost white limestone mylonites are 

detectable at an elevation of 1355m, which are highly deformed. These mylonites, 

situated along the thrust fault of Lechtalnappe and Allgäunappe, are a distinctive zone of 

weakness (Moser et al., 2009). 

Figure 19, Geological site map of the Hornbergl, Scale 1:500, modified after (Kirschner, 2006) 
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Figure 20, Schematic profile along the south-east striking ridge at the Hornbergl; this general model includes the 
development of rock slides along the bedding planes at the dip slope. On the contrary the formation of rock pinnacles 
at the scarp slope and the formation of graben-like stǊǳŎǘǳǊŜǎ ŀǘ ǘƘŜ ǊƛŘƎŜ ŀǊŜ ƛƳǇƭƛŜŘΦ Ψ/ƻƳǇŜǘŜƴǘ ǊƻŎƪǎΩ ǊŜŦŜǊ ǘƻ ǘƘŜ 
ƭƛƳŜǎǘƻƴŜ ƭŀȅŜǊǎ ƻŦ ǘƘŜ ŀƭǇƛƴŜ ǎƘŜƭƭ ƭƛƳŜǎǘƻƴŜ ǳƴƛǘΣ ΨLƴŎƻƳǇŜǘŜƴǘ ǊƻŎƪǎΩ ǘƻ ǘƘŜ wŜƛŎƘŜƴƘŀƭƭ ŦƻǊƳŀǘƛƻƴ; modified after 
(Kirschner, 2006, Meier et al., 2009) 

Several landslide events testify the instability of the Hornbergl (Marschallinger et al., 

2010, Moser et al., 2009). The tectonical influence and the unstable geological structures 

form a setting with an exceptionally high number of debris flows, rock falls and rock 

slides (Meier et al., 2009). According to Moser et al. (2009) all measured slope 

displacement is mainly taking place within the upper layers of the alpine shell limestone 

unit (Ψ!ƭǇƛƴŜ aǳǎŎƘŜƭƪŀƭƪ DǊǳǇǇŜΩύΦ With a general dipping of 40° - 55° to SSE the 

limestone beds are striking almost parallel to the slope dipping in direction to the 

Herrenbach (Moser et al., 2009). Moreover, they are characterized by intercalated marl 

layers with a thickness of only a few centimeters (Meier et al., 2009). Two different joint 

sets cut through the limestone layers, orientated almost perpendicular to the bedding 

surfaces (Meier et al., 2009). 

To gain a more detailed and illustrated knowledge about the Hornbergl a field 

investigation was carried out in October 2012. The starting point of the investigation was 

the ΨIǀŦŜƴŜǊ YǊŜǳȊΩ at the top of the Hornbergl, whereby the main focus was put on the 

southeast striking ridge and the small talus at the point Ψ[ǳŀƎ ƛƴǎ [ŀƴŘΩ between the 

ridge and the ΨIǀŦŜƴŜǊ YǊŜǳȊΩ.  
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At the point Ψ[ǳŀƎ ƛƴǎ [ŀƴŘΩ as well as along the south-east striking ridge the effects of 

instability were visible in the morphology and the vegetation. For instance several cracks 

in the uppermost vegetation layer with elongated and disrupted roots were found. Along 

the south-east striking ridge heavily tilted trees are another potential indicator for past 

movement. The most obvious features are the deep cracks (>4m depth) and holes in the 

vegetation, extending into the underlying limestone layers (Figure 21). Especially on the 

rim of the south-east striking ridge crack widths could be observed from decimeter size 

to several tens of meters. Partially cracks evolve into graben like structures, where the 

vertical displacements may reach several meters. In direction to the Murenbach cracks 

with a length of several tens of meters generated a slightly stepped morphology. 

Additionally freestanding rock pinnacles were observed at the escarpment of the south-

east striking ridge towards the Murenbach (Figure 21).   

Figure 21, Freestanding rock pinnacle on top of the ridge; 5m deep crack along the ridge 
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3.3   Historical Landsliding & Mitigation Measures 

In the case of the Hornbergl the two bordering torrents Herrenbach and Murenbach are 

ǾŜǊȅ ŀŎǘƛǾŜ ŀƴŘ ŀǊŜ ǘƘŜ Ƴŀƛƴ ΨŎŀǊǊƛŜǊΩ ŦƻǊ ǘƘŜ ǊƻŎƪ Ŧŀƭƭ ŀƴŘ ŘŜōǊƛǎ ƳŀǘŜǊƛŀƭΦ !ŎŎƻǊŘƛƴƎ ǘƻ 

Moser et al. (2009) the Hornbergl has suffered several rock fall events in the past, which 

include (Dragosits, 1996):  

Á Debris flow along the Herrenbach in 1975 

Á Rock fall in 1976, with a volume of approximately 100.000 m³ along the Herrenbach 

Á Several smaller-scale debris flows in 1982 with an estimated volume of 40.000 m³ 

[according to Albrecht (1999) in (Meier et al., 2009)] 

Á Several debris flows from May 2.-5. 1986, along the Murenbach with an estimated 

volume of 60.000 m³. These events devastated 4 hectares of agricultural land   

(Figure 22) 

Due to its history of instability the ΨAustrian Service for Torrent and Avalanche ControlΩ 

(WLV) has constructed mitigation measures to prevent a major damage to inhabited 

areas along the lower part of the Murenbach. Starting at an elevation of around 1400m 

Figure 22, Result of the debris flow of May 2.-5. 1986 (Photograph taken by Dr. Dragosits in 1986, WLV, Ausserfern) 
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above sea level several check dams have been constructed along the brook bed until the 

beginning of the first settlements down in the valley at an elevation of 900m above sea 

level. At the downstream end of the Murenbach a retention basin has been constructed 

to mitigate debris flow impacts. Between 1967 and 2006 the carried out protection 

measures have cost approximately 14 million Euro (Marschallinger et al., 2010). 

 

3.4   Previous Survey Campaigns 

Since 1987 relative extensometer measurements were carried out across main fissures 

and moving areas, additionally absolute geodetic measurements determined 

displacement rates and directions (Moser et al., 2009). Furthermore a GNSS (Global 

Navigation Satellite System) was installed in 2007 by the Institute of Geodesy of the 

University of the Bundeswehr Munich (Glabsch et al., 2009). Additionally one week of 

GBInSAR measurements were carried out in September 2011 by the Technical University 

of Munich (Schares, 2012). 

Two distinctive areas of movement were mapped within previous investigations. In the 

area called Ψ[ǳŀƎ ƛƴǎ [ŀƴŘΩ, south-east of the ΨIǀŦŜƴŜǊ YǊŜǳȊΩ the highest rates of 

displacement were measured (Figure 23). According to Moser et al. (2009) several 

measurement campaigns showed displacement rates of >20cm/a. This part either 

reflects deep seated movements or a shallow sliding of blocks on marly layers, anyhow it 

is difficult to clarify by now (Moser et al., 2009).    

The other distinctive area of movement developed along the south-east striking ridge 

(Figure 23). Confined by the steep cliffs to the NE and the steepening slopes to its south, 

graben like structures formed in this area with a length of up to 100m. Forming these 

massive cracks, filled with tilted trees and loose blocks, a toppling of pinnacles in 

direction of the Murenbach destabilizes the ridge at velocities of 5-10cm/a (Moser et al., 

2009). That notwithstanding a significant trend of the movements in direction of the 

Herrenbach was observed within all implemented measurements (Moser et al., 2009).  
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A clearly visible trend in faster movements was shown during snowmelt in spring and 

early summer (Glabsch et al., 2009, Schuhbäck, 2009). On the contrary movement rates 

stabilize during cold winter months.  

 

 

 

 

 

 

 

 

Figure 23, Cumulative displacement between 01.01.1988 ς 21.05.2007; Arrows indicate direction and dip (purple 
colors) of movement; Colors indicate interpolated vertical displacement between +3m (red) and -3m (blue), modified 
after (Marschallinger et al., 2010) 
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4.  Ingelsberg Study Site 

4.1   Regional Setting 

The Ingelsberg is situated in the Gastein valley in Salzburg at the north-eastern end of 

the village Bad Hofgastein (Figure 24). The site can be divided into a bedrock part in the 

upper area, starting at 1446m above sea level continuing with a debris talus down to 

1072m above sea level and a vegetated area, reaching down to the valley floor at 872m 

above sea level. The slope gradient averages in the upper area at 45°, whereby the lower 

vegetated area flattens to averaged 30°. With an elevation of 1446m above sea level it is 

not a dominant peak in this area, though the Ingelsberg remains a well-known mountain 

due to its historical instability (Wilhelmstötter, 2013).  

The site belongs to the temperate climate zone and is highly influenced by humid north-

western weather (ZAMG, 2013c). Due to its proximity to the main alpine ridge to the 

South, acting as a meteorological divide, a relatively high amount of yearly rain days (139 

days) leads to an average precipitation of 1162mm per year in the reference period of 

1981-2010 (ZAMG, 2013b). Monthly temperature average -3°C in January and 15°C in 

July during the reference period of 1961-1990 (ZAMG, 2012). 

Figure 24, Location of the Ingelsberg study area within Austria, Scale 1: 1 000 000, (BEV, 2013) 
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The study area is mainly vegetated with spruces and larches, though most unstable parts 

remain without a cover of vegetation (Figure 26). The bordering areas to the South 

display heavily crooked or tilted trees and partly stretched roots along major cracks. In 

the lower part of the study area meadows dominate. In Figure 26 a general overview of 

the investigation site is given. 

Figure 25, Ingelsberg study area indicated with white shading, Scale 1:50 000 (BEV, 2006) 
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Situated within the Tauern window, the Gastein valley consists of several geological units 

(Figure 27). A general differentiation includes Penninic, Sub-Penninic, Helvetic and 

Austroalpine nappes, whereby the Ingelsberg is only located in Penninic units (Schmid et 

al., 2004). The Penninic units can be subdivided into ΨaŀǘǊŜƛŜǊ {ŎƘǳǇǇŜƴȊƻƴŜ ǳƴŘ 

bƻǊŘǊŀƘƳŜƴȊƻƴŜΩ (Matrei zone) and the ΨDƭƻŎƪƴŜǊ-5ŜŎƪŜƴǎȅǎǘŜƳΩ (Glockner nappe), 

(Figure 27). The surrounding area of Bad Hofgastein includes only units of the Glockner 

nappe as the transition to the Matrei zone is situated further to the north close to the 

village of Dorfgastein (Pestal et al., 2009). 

Figure 26, The Ingelsberg, seen from the Gastein valley and the position of the radar (view looking E). The framed area 
shows the unstable area and the encircled parts represent interpreted previously detached blocks.  
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 Figure 27, Tectonic overview of Salzburg, Scale 1:1 000 000, modified after (Pestal et al., 2009) 
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The seismic risk within the federal state of Salzburg is classified as low, with averaged 

three noticeable earthquakes per year (ZAMG, 2013a). Bad Hofgastein and its 

surrounding areas are located within a seismic risk zone with the possibility of slight 

damages to buildings (ZAMG, 2013a).  

 

4.2   Site Conditions 

According to the geological map of Salzburg and its annotations (Pestal et al., 2009) the 

Glockner nappe consists mainly of metamorphic products of marly, clayey and calcareous 

sediments, which were deposited on oceanic or distal continental crust (Schmid et al., 

2004). These units show a cretaceous depositional age and experienced metamorphism 

during the alpine orogeny. As a result predominantly calc-mica schist, black phyllite, and 

a metabasic unit comprised of amphibolite and greenschist can be distinguished in the 

field. The units are summarized via the collective term Ψ.ǸƴŘƴŜǊǎŎƘƛŜŦŜǊΩ (Schmid et al., 

2004). A more detailed description of these three dominating rock units follows: 

Figure 28, Earthquake hazard map of Salzburg (ZAMG, 2013a) 
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Á The black phyllites are either encountered with or without a small content of 

limestone and sometimes contain quartzite or breccia. As precursor dark clays 

with sandy input are assumed, which were deposited in the abyssal parts of the 

Penninic ocean (Pestal et al., 2009). In the lower area of the Ingelsberg these 

black phyllites form the base for the overlying calc-mica schist and the unit of 

greenschists and amphibolites, which will be summarized as metabasic unit 

όΨDǊǸƴƎŜǎǘŜƛƴŜΩύ. The black phyllites in the study area display heavily weathered 

surfaces and can mostly be broken by hand. Therefore, strongly eroded black 

phyllites provide a distinctive zone of weakness at the base of the Ingelsberg 

(Wilhelmstötter, 2013).  

 

Due to its possible influence on the instability of the Ingelsberg a more detailed 

mineralogical analysis of the black phyllites was executed. Therefore, four 

exemplary samples were taken at a road cut along the access road of the dam 

(Figure 25). All samples were powdered and investigated, using XRD (X-ray 

diffraction) to gain an overview of the mineralogical composition. Figure 29 

displays an X-ray diffraction pattern with the detected peaks and the according 

Figure 29, XRD analysis of a black phyllite sample (UK2). Minerals identified: Quartz, Muscovite, Chlorite, 
Calcite and Talc. Axis Counts refers to intensity of detected backscattered signal and 2Theta position refers 
to the interplanar distance d [Å]. 
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minerals. Quartz, muscovite and chlorite were identified in all samples, 

whereupon calcite was only found in one sample, which was taken close to 

neighboring calc-mica schist. Additionally talc was found in the samples, which 

ŘŜƭƛǾŜǊǎΣ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ŎƘƭƻǊƛǘŜ ŀƴŘ ƳǳǎŎƻǾƛǘŜΣ ŀƴ ŜȄǇƭŀƴŀǘƛƻƴ ŦƻǊ ǘƘŜ ΨƎǊŜŀǎȅΩ 

feel.  

 

 

 

 

 

Á The calc-mica schists όΨYŀƭƪƎƭƛƳƳŜǊǎŎƘƛŜŦŜǊΩύ overlie the black phyllites alternating 

with the metabasic unit (Figure 30). Mainly composed of calcite, mica and quartz, 

Figure 30, Geological site map of the Ingelsberg, Scale 1:2000, modified after (Wilhelmstötter, 2013) 


































































































































