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Zusammenfassung

Die generelle Gefährdung durch Fclsrutschungen und Bergstürze ist aufgrund der

Bevölkerungszunahme in den Tälern vieler Bergregionen der Welt deutlich gestiegen.

Folglich besteht auch ein wachsender Bedarf, die Mechanismen solcher Massenbe¬

wegungen besser zu verstehen und somit den Ablauf solcher Ereignisse genauer vor¬

hersagen zu können. Da verlässliche Ergebnisse von geotechnischen Untersuchungen,

geologischen Kartierungen und aus der Fernerkundung häufig auf oberflächennahe

Bereiche und Bohrlöcher beschränkt sind, sind in den letzten Jahren auf instabilen

Hängen auch vermehrt geophysikalische Oberflächenmethoden verwendet worden,

die weiträumig die internen Strukturen bestimmen können. Diese Untersuchungen

umfassen in der Regel jedoch nur Messungen entlang weniger 2D-Linien. Komple¬

xe geologische Strukturen im Untergrund lassen sich so nur vereinfacht und verzerrt

wiedergeben, da angenommen wird, dass die Energie nur von einer senkrechten Ebe¬

ne unterhalb der 2D-Auslagen herrührt. Um diese Ungenauigkeiten zu vermeiden,

müssen 3D-Ansätze gewählt werden, die jedoch einen höheren Messaufwand erfor¬

dern und rechenzeitintensiver sind.

In meiner Doktorarbeit stelle ich die Ergebnisse von 3D- Georadarmessungen

und seismischer 3D Refraktionstomographie vor, die auf einem instabilen kristallinen

Berghang aufgenommen wurden. Die untersuchte instabile Bergmasse befindet sich

direkt oberhalb der Abrisskante des grossen Randa-Bergsturzes, der 1991 im Matter¬

tal (Schweiz) niederging. Die geophysikalischen Oberflächenmessungen wurden im

Rahmen eines interdisziplinären Projektes durchgeführt, dessen Zielsetzung es war,

die weitestgehend unbekannten mechanischen Prozesse bei komplexen Felsstürzen

besser zu verstehen. Die Georadar- und Seismikmessungen wurden hierbei verwen¬

det, um das komplexe Netzwerk von Störungen und Kluftzonen zu bestimmen,

das die Bewcgungsprozesse wesentlich bceinflusste. Obwohl sich beide Methoden

in vielen Anwendungen als geeignet zur Visualisierung von Klüften im Festgestein

erwiesen haben, sind dies wahrscheinlich die ersten 3D-Radarfekler und die erste

seismische 3-D Refraktionstomographie, die auf einem stark zerklüfteten, instabi-

VI
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lcn Berghang gemessen wurden. Dementsprechend sind die Methoden wenig daran

angepasst, (1) Daten in Regionen mit starker Topographie aufzunehmen und zu be¬

arbeiten und (2) steil einfallende Kluftzonen eindeutig zu detcktieren. Ich behandle

daher in dieser Arbeit zum grossen Teil methodische Aspekte, die erforderlich sind,

um aussagekräftige Informationen über die Verteilung der Klüfte und Störungszonen

zu erhalten.

Drei Radarfelder mit Grössen von 40 m x 35 in, 22 m x 22 m und 46 m x

18 m wurden im zentralen Bereich des instabilen Hanges gemessen. Auf allen drei

Messfeldern war die Geländeoberfläche stark uneben und etliche Steine und Fels¬

blöcke mit Durchmessern mit bis zu ~ 2 m lagen verteilt auf den Feldern. Zur

effizienten Datenakquisition wurde ein System verwendet, das gleichzeitig die Ra-

dardaten (verwendete Antcnnenfrequenz: 100 MHz) und die dazugehörigen Koordi-

nateninformationen aufnahm. Bei der Datenverarbeitung stellte sich heraus, dass die

Datenaufnahme entlang von Steinen und Felsblöcken verschiedenartige Artefakte in

den Radardaten erzeugte. Durch Anwenden von einer f-xy Dekonvolution und von

räumlichen Tiefpassfiltern konnten diese jedoch sehr deutlich abgeschwächt werden,

so dass die bearbeiteten, immigrierten 3D-Radardaten eine hohe Qualität hatten.

Nach Verwendung einer konventionellen Kirchhoff Migration, die Topographieeffekte

berücksichtigte, konnte eine weit geöffnete, steil einfallende Kluft an der Oberfläche

nicht in den 3D-Daten visualisiert werden. Aus diesem Grund verwendete ich eine

Kohärenz-basicrte Migrationsmethode, die Diffraktionen hervorhob und dadurch die

Visualisierung von steil stehenden Klüften und Störungszonen ermöglichem sollte.

Die erhaltenen Informationen aus beiden Migrationen waren sehr unterschiedlich

und teilweise komplementär: In den konventionell migrierten Georadardaten waren

überwiegend flach bis massig geneigte Reflektoren zu sehen. Nach Anwenden der

Kohärenz-basierten Migration waren hingegen steil geneigte lineare Trends (> 75°)

hervorgehoben. Einiger dieser Trends konnten anschliessend Klüfte an der Ober¬

fläche eindeutig zugeordnet werden, was bestätigt, dass die Methode in der Tat

steilstehende Klüfte detektiertc.

Das seismische Array hatte eine Grösse von ~ 250 m x 250 m und deckte auf dem

Bergrücken sowohl Bereiche ab, die offentsichtlich instabil waren, als auch Bereiche,

die als stabil angesehen wurden. Das Array umfasste ein Gitter von 8 seismischen

Profilen, ein Netz von zusätzlichen OffsetSchüssen und 12 permanente Stationen ei¬

nes mikroscismischen Netzwerkes. Nach dem Invertieren der gepickten Ersteinsätze

wurde im 3D-Tomogramm ein grosser Bereich (laterale Ausdehnung: 100 m x 150

m; Tiefe: > 35 m) sehr niedriger P-Wellengeschwindigkciten von 500-2700 m/s bc-
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obachtet. Diese für Gneis ungewöhnlich niedrigen Geschwindigkeiten wurden sehr

wahrscheinlich durch die offenen Klüfte und Störungszonen hervorgerufen. Dabei

umfasste der Niedriggcschwindigkeitsbereich nicht nur die sich bewegende Masse,

die durch eine Vielzahl von sich aktiv öffnenden Klüften durchschnitten wurde, son¬

dern auch Teile des sich daran anschliessenden, scheinbar stationären Gebietes. In¬

nerhalb des Niedriggeschwindigkeitsbereiches befanden sich mehrere markante linea¬

re Geschwindigkeitsanomalien, die parallel zur oberen Abrisskante des Bergsturzes

orientiert waren und möglicherweise den Verlauf ausgeprägter Störungszonen be¬

schreiben. Der Vergleich mit 2D-Tomogrammen, die entlang aller seismischen Profile

berechnet wurden, zeigte, dass zwar die laterale Ausdehnung des Tiefgeschwindig-

keitsberciches ähnlich gut mit einem Gitter von 2D-Tomogrammen bestimmt wer¬

den kann. Zum Teil starke Abweichungen in den P-Wellengeschwindigkeiten von

sich kreuzenden Profilen weisen jedoch darauf hin, dass sich die einzelnen linea¬

ren Geschwindigkeitsanomalien und die entsprechenden Strukturen nur mit der SD-

Tomographie verlässlich bestimmen lassen.

Die Ergebnisse zeigen, dass man mit 3D-Oberflächengeoradar und seismischer

3D-Refraktionstomographie auf instabilen Berghängen die flache, räumliche Kluft¬

verteilung präzise bestimmen kann, was so nicht mit anderen Untcrsuchungsmetho-

den möglich ist. Dieses Wissen über die Kluftverteilung kann verwendet werden, um

realistischere kinematische Modelle zu erhalten und folglich die Bewegungsmecha-

nismen zu identifizieren.



Abstract

Landslides pose an increasing threat in the mountainous regions of the world due to

the significant population growth. As a consequence, there is a significant need to

understand better the internal landslide mechanisms and to predict slope failures.

Since information from geotechnical, geological, and remote sensing techniques is

often limited to the vicinity of the surface and borehole locations, usage of surface-

based geophysical methods has become increasingly popular to resolve the internal

structures of landslides over large regions. However, except for a few notable exam¬

ples, all previously conducted surveys consisted of patterns of sparse 2-D profiles.

These studies provide only simplified and distorted pictures of the usually complex

subsurface geology because some of the returning energy assumed to originate from

below the profiles instead originates from out-of-the-planes of the profiles. To avoid

such inaccuracies, three-dimensional approaches, which are more time-consuming

and computationally challenging, have to be used.

In this thesis I present the data acquisition, data processing, and results from

possibly the first "true"3-D surface georadar and 3 D tomographic seismic refrac¬

tion surveys conducted across an unstable mountain slope. The investigated slope

instability is located directly above the scarp of a large former rockslide near the

village of Randa in the Matter Valley of Switzerland. The 3-D surface geophysical

measurements were part of a multidisciplinary project to understand the internal

processes of complex landslides in crystalline rocks. Thereby, georadar and seismic

were employed to determine the internal three-dimensional distributions of faults

and fractures considered to be the most important factor influencing the current

slope instability. Although surface georadar and seismic tomography have shown

their potential for fracture detection in numerous other studies, it turned out that

methods and strategies are not well developed to account for rugged topography and

to emphasize steeply dipping fractures. Therefore, large parts of my thesis are deal¬

ing with methodical developments required to derive meaningful 3-D information

about the fracture network.
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Three 3-D georadar surveys (sizes: 40 x 35 m, 22 x 22 m, and 46 x 18 m) were

carried out in the central part of the unstable region. The survey sites were char¬

acterized by undulating topography and covered with boulders with diameters up

to 2m. To survey such environments efficiently an acquisition system was employed

that allowed georadar and coincident coordinate information to be recorded simul¬

taneously. Data acquisition were performed along closely spaced (~ 0.2 m for 100

MHz antennas) approximately parallel lines. Only in the vicinity of boulders, the

processed georadar data were affected by larger coordinate inaccuracies (> 0.04 m)

and other artifacts. They were strongly reduced by applying an f-xy deconvolution

and f-k filters to the data. High quality of the unmigrated data sets demonstrates

the capability of the used acquisition and processing strategy. After applying a con¬

ventional
"

topographic" Kirchhoff migration scheme a large-scale, steeply dipping

surface fracture remained completely undetected. This encouraged me to test on

the 3-D data sets a new semblance-based topographic migration scheme that high¬

lighted the presence of fractures by emphasizing diffraction patterns. Comparison of

the results after conventional and semblance-based migration (followed by a digital

imaging process) indicated that different, partly complementary information was

obtained from both migration methods. Conventional and semblance-based migra¬

tion visualized predominately shallow to moderate dipping reflections and steeply

dipping trends (> 75°), respectively. Correlation with mapped surface fractures

demonstrated that the detected steeply dipping trends corresponded undoubtedly

to fracture zones.

The 3-D seismic array covered a ^ 250 x 250 m area of the mountain slope that

included both unstable and stable areas of the rock mass. This array comprised a net

of eight seismic profiles, a pattern of additional offset shots and twelve permanent

seismic stations of a microseismic network. Inversion of the first-arrival traveltimes

generated a 3-D tomogram that revealed the presence of a huge volume (lateral

extent: 200 x 150 m; depths: > 35 m) with ultra-low to very low P-wave velocities of

500-2700 m/s. Such low velocities in gneissic rock were extraordinary and were likely

caused by open fracture zones. This region with ultra-low velocities comprised the

mobile segment of the mountain slope, which is intersected by a number of actively

opening fracture zones and faults, but also a large part of the adjacent presumably

stationary slope. Several prominent linear velocity anomalies within this region

trend parallel to a part of the 1991 rockfall scarp and may delineate scarp-parallel

fracture zones. Comparison with 2-D tomograms calculated for all seismic profiles

showed that the lateral extend of ultra-low to very low velocity gneissic rock were
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also well defined by network of 2-D tomograms. However, inconsistent velocities

at the intersections of crossing profiles demonstrated that only the 3-D tomogram

provides a fully consistent pattern of subsurface velocities for elongated trends and

certain key features.

These results showed that both 3-D georadar and 3-D seismic tomography can

provide accurate spatial information about the shallow fracture distribution (down

to ~ 40 m) on unstable rock slope, which cannot be obtained by other investigation

methods. This knowledge of the fault and fracture network is essential for the

development of realistic kinematic models and thus the identification of instability

mechanisms.



Chapter 1

Introduction

1.1 Landslide hazards

In many mountainous regions, landslides are a major problem in both human and fi¬

nancial terms (Crozier and Glade, 2005). Death and damage to property may occur

and transport and communications networks may be disrupted. In the densely popu¬

lated valleys of the Swiss Alps, significant damage associated with mass movements

has been reported almost every year. Such catastrophic events as the Rossberg-

Goldau (1806) and Elm (1881) landslides resulted in the loss of several hundred

lives. Figure 1.1 shows statistics from a risk assessment study of natural hazards in

Switzerland (Balmer, 2003); clearly, landslides arc a significant hazard in Switzer¬

land. To evaluate better lanclside hazards, there is a fundamental need to improve

(i) our understanding of landslide slip mechanisms, (ii) predictions of slope failures,

and (iii) estimates of the volume of unstable slope material.

The term
" landslide" is applied to a wide variety of mass movements ranging from

soil creep to rock avalanche1. Landslides can differ significantly in size (0.5 — 20000

million m3) and can have various triggering mechanisms (e.g., earthquakes and heavy

precipitation). Moreover, the material affected by landslides can vary from uncon¬

solidated sediments to hard rock. Due to this wide variety of landslide type, the

parameters that affect slope stabilities and govern failure mechanisms can be very

variable. Distinct sliding planes usually develop in soils or weakly consolidated sedi¬

ments, not always the case in crystalline rocks (Willenberg, 2004). Moreover, varia¬

tions in geological setting, fracture networking, and water distribution can result in

the destabilization of slopes in different ways. Accordingly, investigation strategies

Geologist subdivides landslides into e.g., rockslidcs, rockfalls, find mud flows (Erismann and

Abele, 2001). However, this would go beyond the scope of this thesis.

1
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Figure 1.1' Natural hazards m Switzerland estimated from the KATARISK study

(Balmer, 2003). Estimated number of disasters per year versus (a) damage in Swiss Francs

and (b) the number of fatalities and injured. Natural hazards due to the mass movements

are indicated by the thic-kn datk green linos. Modified aftet Bahner (2003)

applied to landslides have to be carefully adjusted to the specific local conditions

(MeCaim and Forster, 1990). They can be very challenging tasks, particularly if the

stiuctmes arc markedly distorted due to the mass movements

1.2 Overview of investigative techniques applied

to unstable slopes

1.2.1 Geological, geotechnical, and remote sensing tech¬

niques

Numeious gcotechiiical, geological, and lemote sensing techniques aie capable of

providing impoitant information about the movement, lateial extent, volume, and

potential instability of a land mass. Monitoring of displacements (i) measured at

the surface using global positioning systems (GPS, Cih el ai, 2000), giound-based

synthetic apeituie îadar devices (SAB; Tarchi vi «/., 2003), electronic distance

meters (Jaboyedoff et al, 2004), and extcnsiometei/benchmaik an ays, (ii) detei-

inined in boreholes using inclinometers and extensometeis (Angeli et al, 1999), or

(in) estimated fiom lemote sensing observations (spacebome SAR; Colesanti et al,
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2003) allows the short-term evolution of movements to be predicted and early failure

warnings to be given. Field observations, borehole studies, and aerial photographs

supply information about the morphology, lithology, fracture distribution, and lat¬

eral extent of unstable slopes. In the laboratory, important geoteclmical parameters

relevant to studies of slope instabilities (e.g., water content, grain size distributions

of soils, shear strength of rocks) can be determined with high accuracy.

1.2.2 Geophysical techniques

Since the geotechnical, geological, and remote sensing techniques are restricted to

surface, borehole, and above-surface locations, they cannot be employed for re¬

solving the internal structures of landslides over large regions. As a consequence,

surface-based geophysical methods are being increasingly employed in landslide in¬

vestigations. They provide the possibility of studying large volumes of soil and rock

in a relatively fast, inexpensive, and non-invasive manner. However, the values of

the various geophysical rock properties (e.g., electrical resistivity, dielectric permit¬

tivity, electromagnetic and seismic velocities, density) cannot be directly employed

in the relevant geotechnical computations and assessments. Instead, the geophysi¬

cal rock properties have to be "translated"to parameters required for slope stability

analyzes (e.g., geometry of any sliding planes, location of the water table, water con¬

tent, fracture distribution, shear strength). Consequently, the close collaboration of

geotechnical, geological, and geophysical personnel throughout a slope stability in¬

vestigation and the use of all available results are highly desirable.

McCann and Forster (1990) and Hack (2000) summarize the various surface-

based geophysical methods that can be employed in landslide studies. They also

review the potential and limitations of these methods. Seismic methods are particu¬

larly appropriate, because seismic properties (P- and S-wave velocities and attenua¬

tions) are closely related to the deformational parameters of materials. For example,

zones characterized by anomalously low compressional and/or shear strength (e.g.,

fractures or disrupted material) can be detected with seismic methods.

The reflection seismic method has been used in landslide investigations to visu¬

alize steeply dipping fault zones (Ferrucci et al, 2000), identify internal unit bound¬

aries (Bidder et al, 2004), and to determine potential sliding planes (Figure 1.2;

Bruno and Marillier, 2000). This method usually supplies high-resolution images

and information to depths in excess of 50 m. Unfortunately, the data processing re¬

quired to produce meaningful images is usually complicated for very heterogeneous

structures, because the wave-field can be very complex (due to multiple scattering,
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attenuation, dispersion, and wave-conversion effects) and the shallow reflections may

be overwhelmed by strong surface, guided, and air waves.

Horizontal exaggeration. 1.3 x

0 20 40 60m

Distance (in)

Figure 1.2: Processed seismic reflection section from a 2-D line recorded on the Boup

Landslide in Switzerland. The reflection at 0.05 ms (depth: ~ 50 m) is interpreted as

the sliding plane of the landslide within a gypsum layer. It originates from the junction

between the disrupted unstable material and underlying intact rock mass and not from a

boundary between geological layers. Adapted from Bruno and Marillier (2000).

The refraction seismic method based on first-arrival traveltimes was applied ex¬

tensively in early geophysical studies of landslides (Caris and Van Asch, 1991; Mau-

ritsch et ai, 2000; Havcnith et ai, 2000). For simple geological structures, the

thicknesses and velocities of the landslide body and underlying intact rock were

determined (Caris and Van Asch, 1991). In recent years, conventional refraction

seismic methods have been superseded by the tomographic seismic refraction tech¬

nique (Jongmans et ai, 2000; Havenith et al, 2003; Dussauge-Peisser et al, 2003),

which requires the generation of seismic energy at multiple source locations and the

recording of the seismic waves at multiple receivers. By inverting the resultant large

numbers of first-arrival traveltimes, it is possible to derive reliable models of the com¬

plex underground (Figure 1.3). Compared to the reflection seismic method, both

the conventional and tomographic seismic refraction approaches are less affected by

noise, but both provide lower resolution information and are usually limited to much

shallower depths.

There is a wide variety of electrical and diffusive electromagnetic methods that

can be employed in landslide investigations. Electrical resistivity tomography based

on data acquired with multi-electrode recording systems provides 2-D resistivity sec¬

tions across landslides (Havenith et al, 2000; Jongmans et al, 2000; Bidder et al,

2004). Resistivity values may be closely related to water and clay content (Havenith
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Figure 1.3: (a) Seismic 2-D tomogram and (b) corresponding ray distribution for a profile

acquired immediately above the scarp of a small landslide that interrupted the Licge-

Namur railway line in Belgium. Seismic sensors were placed at the surface and along the

length of a borehole to increase the investigation depth. The geology and the RQD (rock

quality design) were determined along the length of two boreholes. Dashed lines indicate

the locations of two significant faults. The upper dashed line corresponds to the extension

of the failure surface of the landslide. Low velocities (500 - 1200 m/s) are interpreted

as highly-fractured rock that has the potential for rock failure. Modified after Jongmans

et al. (2000).
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et al, 2000), both of which arc important for slope stability; their presence can

reduce significantly the friction along sliding planes. Self-potential (SP) measure¬

ments supply information on streaming potentials that may be related to water flow.

They have been used to detect the location of perched water along a potential sliding

plane (Bruno and Marillier, 2000). Simple and fast low frequency electromagnetic

methods (e.g., EM31, EM34, PROTEM 47) are used to determine the lateral ex¬

tents (Bruno and Marillier, 2000), depths (Mauritsch et al, 2000), and the internal

layering of unstable masses (Schmutz et al, 2000).

All electrical and diffusive electromagnetic EM methods supply insufficient res¬

olution for mapping discrete narrow boundaries and identifying small structures

in the subsurface. In contrast, under favorable conditions, the ground-penetrating

radar (georadar) method is capable of resolving small-scaled features (e.g., ~ 0.25

m for 100 MHz antennas). Georadar, however, only provides sufficient depth pene¬

tration in low conductive environments, such that few reports have been published

on the application of georadar to landslide investigations (Barnhardt and Kayen,

2000; Dussaugc-Peisser et al, 2003; Bidder et al, 2004).

Repeat gravity measurements may supply useful information about temporal

changes of the distributions and size of unstable rock volumes (Del Gaudio et al,

2000). Because dense gravity surveying is time consuming and the accurate terrain

corrections required in heterogeneous mountainous regions are difficult to estimate,

the gravity technique has been employed only rarely in slope stability studies.

Although many geophysical investigations have been performed on landslides,

except for a few notable examples2 ,
all data were acquired along 2-D profiles that

provided only simplified pictures of the usually complex subsurface geology. Such

approaches can lead to misinterpretations of data that are significantly affected

by out-of-plane structures. Fortunately, recent developments of field equipment

specifically designed for shallow applications and the rapid increase in affordable

computational power has made it possible to record and process 3-D geophysical

data in an efficient manner.

^Exceptions are the 3-D electromagnetic survey of Mauritsch et al. (2000) and the areal gravi¬

metric survey of Del Gaudio et al. (2000). The DC electrical resistivity survey of Bichler et ni.

(2004) consisted of a dense pattern of 2-D profiles that provided approximately three-dimensional

structural information.
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1.3 Investigations of the unstable crystalline rock

mass near Randa

In this thesis, I will present the results of the first ever (to my knowledge) 3-D

surface georadar and 3-D tomographic seismic refraction surveys conducted across

an unstable mountain slope. The investigation site is located on a mountain slope

(2300 - 2450 m above sea level) directly above the scarp of two large rockslides

near the village of Randa in the Matter Valley of Switzerland (Figure 1.4). The

surface geophysical surveys were part of a multidisciplinary project to understand

the internal processes of complex landslides in crystalline rocks (Willenberg et al,

2002b,a; Wittenberg, 2004).

In contrast to most slope instabilities, no obvious sliding plane is associated

with the presently moving rock mass near Randa. Instead, the complex 3-D net¬

work of fault and fracture zones3 is considered the most important phenomenon

influencing current slope instability (Willenberg, 2004). Reliable knowledge of the

fault/fracture network is considered therefore essential for the development of real¬

istic kinematic models and the identification of instability mechanisms (Eberhardt

et al, 2004; Willenberg, 2004). At the surface, the areal extent of interconnected

open faults and fractures maybe outlines the unstable rock mass; measured surface

displacements arc closely linked to the movements of large blocks of rock separated

by faults and fractures (Willenberg, 2004). The principal goal of my thesis is to

provide information on the distribution of this fault/fracture network in the shallow

subsurface.

1.3.1 The 1991 Randa rockslides

Since previous rockslides probably activated present rock mass movements near

Randa (Schindler et al, 1993), understanding the mechanisms that led to their oc¬

currence is of particular importance. The two 1991 Randa rockslides were amongst

the largest in Switzerland over the past 1000 years (total volume: ~ 30 million m3).

On 18 April 1991, the first event removed the steepest cliff on the western moun¬

tainside of the Matter Valley (Figures. 1.4b and c). The second event on 9 May 1991

(Figure 1.5) resulted in the collapse of material above the scarp of the 18 April event

(Figure 1.6). During both events, the rock face broke into several individual blocks

over a period of hours (Schindler et al, 1993; Satori et al, 2003). A steep debris

''The distribution of water maybe also affects present slope instability; anomalous water pressure

was the likely trigger mechanism for the 1991 rock failures (Schindler et al, 1993).
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Figure 1.4: (a) Location of the Banda rockslide in Switzerland, (b) Geographical map and

(c) photograph showing the 1991 rockslide scarp, the resultant debris and the presently

active area. Arrows identify the current principal moving direction, (b) and (c) are taken

from Jaboyedoff at al. (2004).

(•one formed in the valley at the foot of the scarp (Figure 1.4c), causing relatively

minor damage compared to other landslides of similar size (e.g., the 1806 Goldau

and 1987 Val Pola events). Nevertheless, several buildings close to the village of

Randa were destroyed, cattle were killed, and both the road and the railway track

connecting the famous ski and tourist resort of Zermatt to the Rhône valley were

interrupted (Truffer, 1995). The Mattcrvispa River was dammed, creating a lake

that flooded part of the village of Randa (Figure 1.5b). Fortunately, nobody was

killed or injured as a result of the Randa rockslides (Truffer, 1995).

Unfavourable rock lithologies, fracture distributions, and hydraulic conditions

were the main physical properties responsible for rock failure near Randa (Schindler
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Figure 1.5: (a) Pliotograph Khowing the occurrence of the second Randa rockslide on

May 9th. 1991. The village of Randa is visible near the bottom of the photograph, (b)

Photograph showing the partly flooded village of Randa on June 18, 1991. From Truffer

(1995). Photos: .T.-D. Roullier (Centre de Recherche sur l'Environment Alpin; CREALP).

et al, 1993; Satori et al, 2003). The lower steep part of the rockslide scarp consists

of compact "Randa"orthogneiss (Augengnciss), presumably derived from a Permian

granitic intrusion (Figure 1.6; Dearth, 1964). It is overlain by schistose paragneisses

of the Siviez-Misehabel nappe. The rock mass of the first event mostly comprised

Randa orthogneiss, whereas that of the second event was dominated by paragneiss

(Figure 1.6). A detailed lithological description is provided by Bearth (1964) and

Willenberg (2004).

During the Ncogene both the orthogneissic and paragneissic rock masses were

broken into individual blocks bounded by variously oriented zones of faulting and

fracturing (Satori et al, 2003). As a result, large volumes of snow-melt and rain

infiltrated the extensive fault/fracture network, affecting the stability of the moun¬

tain above the eventual rockslide scarp (Schindler et al, 1993; Satori et al, 2003).

A high groundwater table and water circulation within this network increased the

water pressure and reduced the internal friction. A short time before the first event,



10 CHAPTER 1. INTRODUCTION

E w
present slope

instability (estimated)^"-"-2500

scarp after the second / y

event at May 9

scarp after the first

199K L^

-2250

event at April 18, 1991

1"

/
»-2000 ~£

o

/ 1

present-day y?\

0,/v
0)

-1750
"

topography .^'*:
"

y?» ; "-1500

p—.—-^, /'
^ Deposits from the

!
two events 200 m

Figure 1.6: Vertical section of the Randa rockslide. Blue and violet regions indicate the

extent of lock mass affected by the first and the second events, respectively. The reddish

color is the assumed extent of the; present slope instability. Modified after Willenberg

at al. (2002a).

springs weie active over the entire rock wall and rock slabs were explosively ejected

by high water pressures close to the main spring at the foot of the cliff (Schindler

el al, 1993). Despite these precursors, the size of the first rockslide was unexpected

and observations were limited because of dust clouds.

The second event was also accompanied by the expulsion of water and explosive¬

like activity. After the first event, the steepness of the scarp and strong fracturing of

the paragneiss were primary features of the continued instability of the mountainside

(Schindler et al, 1993; Satori et al, 2003). Again, high wafer pressure was considered

the primary triggering mechanism (Satori et al, 2003). The detailed piucesses of the

second event were more1 complex than foi the first event, because smaller volumes

of lock were involved as a result of the stronger fracturing within the paragneiss

(Satori et al, 2003).

After the second rockslide, the region above the 1991 scarp became unstable

(Figmes 1.4b and c and Figuie 1.6), such that several faults and fractures opened.
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Slow surface movements with a maximum speed of 1-2 cm per year towards the

southeast have been measured since 1991 (Figuie 1.7) by a geodetic monitoring

system installed by the Centre de Recherche sur l'Environment Alpin (CREALP;

Jaboycdoff et al, 2004). The mobile volume is estimated to be ^ 2.5 million m!

(Eberhardt et al, 2001). Due to the limited number of geodetic points (up to 25

locations) on the mountain slope, the complex distribution of displacements and the

spatial extent of the moving mass can only be roughly estimated.
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Figure 1.7' Absolute displacements on the current unstable slope determined from the

Outre de Recherche sur I'Enviiormienl Alpin's (CREALP's) long-term monitoring system

(DTM) installed after the IÖ91 Randa rockslide. Black dots indicate the reflector positions

of the monitoring system. Linear interpolation is used to estimate absolute displacement

between the reflector locations'1 (Jaboyedoff et al., 2004). The colored background is the

absolute displacement map for the period 1 July 1991 to 21 February 1997. Blue isolines

show the displacements from f July 199J to 30 May 1994. Modified after Jaboyedoff et al.

(2004).
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1.3.2 Investigations of the multidisciplinary ETH-project

applied to the presently unstable rock mass

In 2000, researchers at ETH-Zurich initiated a multidisciplinary project aimed at

improving our knowledge of the complex processes that occur within the presently

unstable rock mass. This project has included geological field mapping and geotech¬

nical and geophysical investigations. In addition to myself, two other ETH doctoral

students (Heike Willenberg, Institute of Engineering Geology and Tom Spillmann,

Institute of Geophysics) have been involved in this multidisciplinary project. Most

information provided in this section results from their thesis research.

A network of open fault and fracture zones was mapped from surface outcrops

and information extracted from three deep boreholes (locations shown in Figures 1.8

and 1.9). In regions covered by glacial deposits and debris, analysis of aerial pho¬

tographs allowed extensions of observed surface faults and fractures to be identified

on the basis of surface lineaments (Willenberg, 2004). Relative displacements across

active surface fracture zones were determined by means of (quadrilateral) benchmark

arrays and permanently recording crackmeters.

The three relatively deep boreholes (the 50 m deep SB50N and SB50S and the 120

m deep SB120) were drilled in the central part of the unstable rock mass, where the

greatest surface displacements were recorded (Figures 1.8 and 1.9). In an effort to

determine the fracture distribution in the vicinity of the boreholes, several borehole

logs (i.e., spectral gamma, optical televiewer, caliper and sonic logs) were acquired

and borehole georadar surveys (i.e., single-hole reflection, vertical radar profiling,

crosshole tomography) were conducted (1.1; Spillmann et al, 2005). After the

logging and surveying, the boreholes were equipped with various measuring devices

(PVC inclinometer casing, induction coil extensometer system, in-placc inclinome¬

ters, TDR cables) to determine time-dependent relative displacement vectors along

the boreholes (Table 1.1; Willenberg et al, 2002b,a; Willenberg, 2004). To estimate

the water pressure, piezometers were installed at the bottom of each borehole.

A seismic monitoring network designed to detect and locate microseismic ac¬

tivity was deployed across the actively moving mountain slope (Figures 1.8 and

1.9; Willenberg et al., 2002b). This network consists of nine 3-component seismo¬

graphs installed permanently in 0.5 - 5.0 m deep boreholes and three 3-component

geophones placed at the bottoms of the three deep boreholes.

4The size of the unstable area suggested by Willenberg (2004) in Figure 1.9 and shown in

Chapter 4 is based on the same displacement data as presented in Figure 1.7, but differs because

the displacements in Figure 1.9 and in Chapter 4 are also linked to persistent surface fractures.
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From the various displacement measurements, relative movements of less than

0.5 cm were determined with high accuracy in the vicinity of the boreholes and along

open surface fracture zones (Willenberg, 2004). It seems that differential movements

are heterogeneously distributed amongst the larger scale faults and fractures and

that absolute displacement rates decreasing with increasing distance from the scarp

in a northwesterly direction (see Figure 1.7 and Jaboyedoff et al, 2004; Willenberg,

2004). Furthermore, displacement rates increase with depth. The depth extent of

the unstable rock mass extends beyond the bottom of the deepest borehole (> 120

m).

1.4 Objectives of this thesis

At the Randa investigation site, structural information derived from conventional

geological mapping and borehole logging is restricted to the surface and boreholes,

and extrapolation of fractures away from their observation points maybe incorporate

large inaccuracies. (Willenberg, 2004). In-holc, crosshole and hole-to-surface mea¬

surements provide key knowledge about the distribution and character of faults and

fractures only in the vicinity of boreholes (Spillmann et al, 2005). Accordingly, at

locations distant from the boreholes, surface geophysical measurements are required

to map the three-dimensional distributions of faults and fractures inside the rock

mass and to determine the lateral extent of the interconnected faults and fractures

in regions where they are covered by thick debris.

I decided to use the 3-D surface georadar and 3-D seismic refraction tomographic

methods for investigating the unstable Randa rock mass for following reasons. In

low conductive environments (e.g., exposed or very shallow crystalline rock), the

3-D surface georadar method is capable of providing high-resolution images of faults

and fractures to considerable depths (down to ~ 50 m) (Holloway, 1992; Grandjean

and Gouny, 1996; Grasmueck, 1996; Derobert and Abraham, 2000; Grodner, 2000;

Seol et al, 2001; Cardarclli et al, 2003; Dussaugc-Pcisser et al, 2003; Gross et al,

2003b; Pipan et al, 2003; Lualdi and Zanzi, 2004; Tsoflias et al, 2004; Grasmueck

et al, 2005). Tomographic seismic refraction methods are well-suited for fault and

fracture zone detection, because the P-wave velocity in rocks may be greatly reduced

by the presence of intersecting faults and fractures; shallow fracture zones have

been successfully detected in 2- and 3-D seismic refraction data sets (Figure 1.3;

Jongmans et al, 2000; Marti et al, 2002; Dussaugc-Pcisser et al, 2003).

Altogether, three 3-D georadar surveys (Al area 40 x 35 in, A2 area 22 x 22 m,
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a) Monitoring system

Instrument Number of instruments Measuring
interval

Purpose

Surface
Crackmeter 2 Every 6 minutes Relative displacements of

surface fracture opening (1-D)

Benchmark quadrilaterals 4 Periodic Relative displacements of

(2-3 times/year) surface fracture opening (3-D)
Benchmarks Periodic Relative displacements surface

(2-4 times/year) of fracture opening ( 1 -D)

Geodetic survey (DTM)* up to 25 reflectors Periodic

(1 time/year)

Absolute displacements

Boreholes

Inclinometer (measured along Placed in all 3 boreholes Periodic Horizontal displacements along
PVC casing) (1-2 time/year) the borehole axes

Induction-coil extensometers Placed in borehole B120 Periodic Vertical displacements along
("INCRBX" system) (1-2 time/year) the borehole axis

In-place inclinometer 2 systems were placed in Every 6 minutes Horizontal displacements across

borehole SB 120 distinct fractures

Piezometer single systems placed at

the bottom of all 3

boreholes

Every 6 minutes Water pressure

Seismographs of microseismic single systems placed ca. Event-triggered Microseismic activity
network 8 m above the bottom of

all 3 boreholes

* measurements made by the Centre de Recherche sur l'Environment Alpin (CRRALP)

b) Borehole losging and borehole georadar measurements

Instrument Boreholes Purpose

Logging

Spectral-gamma log All 3 boreholes Distinguish lithology by measuring natural

radioactivity
Televiewer All 3 boreholes Visualize lithology and fractures

Caliper log All 3 boreholes Fracture detection

Sonic log Boreholes SB50N and SB50S Determine P-wave velocity
Inhole georadar log All 3 boreholes Determine velocity and amplitudes of EM-

waves

Vertical radar profiling log All 3 boreholes Determine velocity of EM-waves

Other borehole-hased radar

methods

Single-hole reflection imaging All 3 boreholes Map (hyperbolic) reflection patterns

(fractures) in vicinity of boreholes

VRP reflection imaging All 3 boreholes Map reflection patterns (fractures) in

vicinity of boreholes
Cross-hole tomography Between borehole SB50N Determine EM-velocity and attenuation

and SB50S between boreholes

Table 1.1: Geotechnical and borehole investigations performed at the Randa test site.

Overview of a) all devices employed for monitoring and b) all borehole logs and borehole

georadar measurements. Modified after Willenberg (2004).

and A3 area 46 x 18 m) were carried out in the central part of the unstable region

(Figures 1.8 and 1.9). The 3-D seismic array covered a ~ 250 x 250 m area of the

mountain slope that included both unstable and stable areas of the rock mass. This
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array comprised eight seismic profiles oriented parallel (Q1-Q5) and perpendicular

(H1-H3) to the slope and the twelve permanent seismic stations of the microseismic

network (see Figure 1.8 and 1.9). Small explosive charges were fired along the profiles

and in a near-square pattern offset from the profiles.

Although both methods have demonstrated their potential for fracture detec¬

tion, until my thesis project they had not been applied to highly fractured unstable

rock slopes characterized by rugged terrain. For the 3-D georadar data, it was nec¬

essary for me to derive new processing methods and strategies to compensate for

the rugged topography and to emphasize the presence of the steeply dipping faults

and fractures. Indeed, major parts of my thesis are concerned with methodical de¬

velopments required to obtain the desired high-quality 3-D information about the

fault/fracture network.

1.4.1 3-D surface georadar

Surveys in rugged terrain

Most 3-D georadar measurements have been restricted to regions characterized by

topographically flat or gently dipping smooth surfaces. One of the main reasons for

this somewhat narrow range of applications is the excessive time and cost required

to collect high quality georadar data and corresponding accurate coordinates across

topographically rugged terrains using conventional georadar surveying strategies.

For this reason, very few (if any) 3-D georadar investigations have been conducted

in mountainous and hilly regions and across sand dunes, even though they could

supply valuable structural 3-D information for various geological and engineering

studies. Although systems that enable georadar data and coordinates to be si¬

multaneously acquired have been developed recently (Lehmann and Green, 1999;

Aaltonen and Nissen, 2002; Young and Lord, 2002; Streich et al, 2004), they have

not been routinely used in geological and engineering applications.

In Chapter 2, I present the results of acquiring and processing of probably the

first 3-D georadar data sets (survey areas Al and A2 in Figure 1.9) recorded across

a region distinguished by relatively strong topographic relief with numerous large

boulders (diameters up to 2 m). For the georadar data acquisition, I employed

the system developed by Lehmann and Green (1999), which combines a standard

georadar unit with a self-tracking theodolite (Figure 1.10). Because coordinate

inaccuracies close to boulders and large fracture zones caused artificial discontinuities

in the georadar data (e.g., time shifts and signal distortions), I developed a data

processing scheme that compensated for these effects, thus allowing high quality
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Figure 1 8: Aerial photograph of the investigation area above the Randa rockslide scarp.

Yellow and red dashed linos indicate the locations of the 3-D ladai smveys (A1,A2, and

A3) and the pattern of 2-D seismic lines (Q1-Q5 and Til-113). respectively. The 50 m and

120 m deep boreholes (blue dots) and 0.5 — 5.0 boreholes (gieen dots) were equipped with

peimancnt seismographs Photo. Beat Rindoikriecht (ETH-Zutieh).
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Figure 1.9: The Randa investigation area from a perspective view. Meanings of the

symbols are described in Figure 1.8. The extension of the unstable rock mass estimated

by Willenberg (2004) is shaded grey. Photo: Beat Rinderknecht (ETH-Zurich).

3-D images to be derived. After verifying key aspects of the processing scheme on

synthetic 3-D georadar data, it was applied to the 3-D georadar data sets acquired

across areas Al and A2 near Randa, (Figure 1.9)

Visualization of steeply dipping fractures

No conventional surface georadar processing technique is capable of imaging reflec¬

tions from steeply-dipping features (i.e., those with dips > 75°), primarily because

of the unfavorable radiation patterns of surface georadar antennas and limitations

in the migrations algorithms. In previous 3-D georadar studies, linear truncations

of shallow-dipping reflections (Figure 1.11). and/or the appearance of diffractions or

chaotic reflection patterns have been used to infer the presence of steeply-dipping
fracture zones (Grasmueck, 1996; Young et al, 1997; Gross et al, 2003b; Tronicke

el al, 2005). Unfortunately, truncations of shallow dipping structures can only be

observed at fracture zones across which relative displacements have taken place.

Moreover, diffraction and complex reflection patterns are often difficult to analyze

on non-migrated data and/or arc often obscured by tiigh amplitude specular reflec-
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Figure 1.10: (a) Photograph of the self-tracking theodolite used for coordinate deter¬

mination during 3-D radar measurements, (b) Photograph of 3-D radar surveying the

investigation area above the Randa rockslide scarp.

tions in migrated data.

In Chapter 3, I introduce a new method that highlights steeply-dipping fracture

zones in 3-D georadar data by emphasizing diffraction patterns during the migration

procedure. This method is based on calculations of signal coherency (semblance)

along standard migration templates. To demonstrate its efficacy in highligliting

the presence of steeply-dipping fracture not detectable by conventional processing

techniques, I apply the technique to 3-D synthetic data before applying it to the

3-D radar data sets collected across areas A1+A2 near Randa (Figure 1.9).

In Appendix B, I compare the efficiency of the semblance coefficient with the

normalized-crosscorrelation for detecting diffractions during the migration proce¬

dure. Since Chapters 2 and 3 only deal with the results of georadar surveying areas

Al and A2, I present the results for area. A3 in Appendix C. Because the survey

site A3 is rather narrow, migration artifacts appear at relatively shallow depths

( ~ 8 m), such that correlation with the fractures observed in SB120 (located in the

southern part of area A3) is limited to the shallow subsurface.
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a) b)

Figure 1.11: (a) Selected block from a 3-D georadar data volume acquired within a Swiss

gneiss quarry. Yellow lines indicate subhorizontal horizons A and B that probably originate

horn fractures. Blue arrows point to truncations of the snbhorizontal reflections that are

interpreted as the boundaries of a steep fault, (b) Picked layers from the 3-D data volume

shown in (a). Topography and subhorizontal reflections (A, B, and C) aie colored green

and grey, respectively. Curvilinear boundaries of the interpreted steep fault are displayed

as semi-transparent red surfaces. Adapted from Grasmueck (1996).

1.4.2 3-D seismic refraction tomography

Knowledge about the open fracture network may provide important information

toi explaining the inteinal mechanisms and estimating more precisely the volume

of the present instability, because the differential movements are localized along

the large-scale fracture zones (see Section 1.3 and Willenberg (2004)). The seismic

measurements should allow me to estimate both the extent and the main tiends of

the open fiactuie network, if the seismic survey covers a wider area of the mountain

slope (see Figure 1.8 and Figure 1.9) that includes both stable and unstable icgions.

Since (probably) no previous 3-D tomographic refiaction survey has been con¬

ducted across a highly fractured unstable mountain slope before, I analyze (he ben¬

efits of recording and inverting 3-D data sets compared to recording and inverting

individual 2-D data sets of a pattern of 2-D profiles. Moreover, I investigate the

limits of depth penetration and spatial resolution of the seismic refraction tomogra¬

phy survey for such a highly fractured subsurface. Particularly, I analyze to which

extent (he seismic tomography is able to determine the lower boundary of the slope
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instability and to resolve internal structures like individual fractures. Finally, I will

relate the velocity distribution obtained from the seismic tomography to the lateral

extent of the unstable region derived from the surface displacement measurements.

In Chapter 4, I present the 3-D tomographic seismic refraction approach and

the results of applying this approach to the Randa seismic data set.

To investigate if lithologie changes in the intact rock mass can be responsible for

low velocity anomalies, P-wave velocity measurements were performed on several

rock samples extracted from cores of the shallow boreholes on the investigation

site. This work was carried out by Baptiste Daffion (Daffion, 2003) in the Rock

Deformation Laboratory of the ETH-Zurich (supervisor: Dr. Luigi Btirlini).



Chapter 2

Acquisition and processing

strategies for 3-D georadar

surveying a region characterized

by rugged topography

Björn Heincke, Alan G. Green, Jan van der Kruk, and Heinrich Horstmeyer

Geophysics, in press in a shortened version

2.1 Abstract

Three-dimensional ground-penetrating radar (georadar) surveying across rugged ter¬

rain and processing the resultant data are challenging tasks. Using a novel acqui¬

sition system that allowed georadar and coincident coordinate information to be

recorded simultaneously, we have collected georadar data across an unstable craggy

mountain slope in the Swiss Alps. Undulating (dips of 8 — 16°) topography and

boulders with diameters up to ~ 2 m significantly complicated the field campaign.

After applying a relatively standard data processing scheme (dewow filtering, time-

zero alignment, gridding, amplitude scaling, time-variant low-pass frequency filter¬

ing, and provisional static corrections), the 3-D georadar data set was found to be

affected by artificial discontinuities (time shifts) associated with minor coordinate

inaccuracies, changes in signal character caused by uneven antenna-ground cou-

21
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pling conditions, and numerous small gaps in data coverage. These problems were

resolved by sequentially passing the data through an adaptive f-xy deconvolution

routine and f-kx and f-ky filters. This filtering also reduced incoherent noise. Fi¬

nally, after removing the provisional static corrections, the data were migrated using

a 3-D algorithm that fully accounted for the rugged topography. The non-migrated

and migrated images contained gently and moderately dipping reflections that orig¬

inated from lithological boundaries and actively opening fracture zones. A suite of

prominent diffraction patterns were likely generated at a steeply dipping fracture

zone that projected to the surface. This study demonstrated for the first time the

potential and limitations of georadar surveying across rugged mountainous terrains.

2.2 Introduction

Over the past two decades, surface ground-penetrating radar (georadar or GPR)

methods have become important for a wide range of investigations concerned with

characterizing the shallow underground from the surface to depths of 10 — 50 m.

Under favorable conditions, these methods are capable of providing high-resolution

structural information in a non-destructive and cost-effective manner. Until about

10 years ago, surface georadar studies were based on sparse 2-D profiles. More re¬

cently, georadar investigations have been extended to 3-D. In contrast to 2-D meth¬

ods, 3-D georadar techniques allow highly heterogeneous structures to be accurately

imaged. Such 3-D techniques are powerful tools for stratigraphie studies (Beres

et al, 1995, 1999), the detection of fractures and faults in crystalline rock (Gras¬

mueck, 1996; Grasmueck and Green, 1996), archaeological surveys (Pipan et al,

1999), and paleoseismic investigations (Gross et al, 2002, 2003a,b).

Most, if not all, published 3-D georadar data sets have been recorded across topo¬

graphically fiat or gently dipping smooth surfaces. Because many potential shallow

targets are located in hilly or mountainous regions, there is a need to develop 3-D

georadar acquisition and processing strategies that are appropriate for investigating

topographically rugged terrains. Conventional georadar surveying procedures that

involve the recording of georadar data and the separate collection of coordinate in¬

formation are too time-consuming for this purpose. Fortunately, georadar systems

capable of simultaneously recording georadar traces and corresponding coordinates

have been developed recently. They combine standard georadar equipment with

self-tracking theodolites (Lehmann and Green, 1999; Young and Lord, 2002) or with

differential global positioning systems (DGPS's; Aaltonen and Nissen (2002); Streich
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et al (2004)). These georadar systems, which have been tested along lines that cross

rugged terrains, also provide the necessary data acquisition efficiency and coordi¬

nate accuracy for 3-D surveying. For example, the SAGAS system of Lehmann and

Green (1999) has been used to record 3-D georadar data across numerous laterally

extensive flat areas (e.g., Gross et al, 2003a,b).

Here, we present the results of 3-D georadar surveying a region distinguished by

rugged topography. The survey site is located on an unstable mountainside that

is destined to produce a major rockslide. We begin by describing the survey lo¬

cation and acquisition strategy required to yield data that are distributed across

the survey site. Data processing is complicated by inaccurate coordinates in the

vicinity of abrupt topographic discontinuities and data gaps associated with the

ubiquitous presence of large boulders and highly undulating topography. To sup¬

press the negative influence of the discontinuities and compensate for the data gaps,

a combination of f-xy deconvolution and low-pass spatial filtering proves to be ef¬

fective. A 3-D migration algorithm that accounts for surface topography is used to

generate representative images of the subsurface. Finally, the complex fracture dis¬

tribution in the shallow subsurface is illustrated on vertical sections and horizontal

slices extracted from the non-migrated and the migrated 3-D data volumes.

2.3 Survey Site

The Randa investigation site is located above the Matter Valley of the Swiss Alps

(Figure 2.1), a short distance from the Matterhorn and the famous ski and tourist

resort of Zermatt. It is situated on a mountainside at an altitude of 2350 m, imme¬

diately above a 1-km-high scarp that resulted from a 30 million m3 rockslide that

blocked the only land route to Zermatt in 1991. Shortly after this event, a 100 x 150

m area of the crystalline rock mass above the scarp became unstable. This mass is

currently moving centimeters per year in the direction of the 1991 rockslide scarp

(Willenberg et al, 2002b). As a consequence, open fracture zones arc now visible

at the surface (e.g., Figure 2.2c).

To investigate sliding processes in massive crystalline rock and to derive a better

understanding of rock failure mechanisms, a large multidisciplinary research project

centered on the Randa rock mass has been initiated (Willenberg et al, 2002b). The

3-D georadar component of this project was intended to supply information on the

distribution and orientations of fracture zones from the surface to ~ 40 m depth.

The two overlapping survey areas described here, Al and A2, had dimensions of
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Figure 2.1: Photograph of the 1991 Randa rockslide; in the Swiss Alps (provided by

Heike Willenberg). Investigation site is located immediately above a rockslide scarp at an

altitude of 2350 m. Inset shows location, of Randa in southern Switzerland.

40 x 35 m and 22 x 22 m, respectively. They were located on a natural terrace ~ 50

m from the 1991 rockslide scarp (Figure 2.2a).

Although the general slope of the mountainside is easterly directed, the rugged
and craggy terrain of the georadar survey site dips 8 — 16° in a southwesterly direc¬

tion. The foliation of the crystalline rock mass, which comprises a complex mixture

of gneisses, schists, amphibolites and granitic intrusions (Willenberg et al, 2002b),
dips ^ 25° west-southwest. Along the eastern edges of the survey areas, the out¬

cropping crystalline basement steps ^ 8 in down to the next terrace (Figure 2.2a).
Both survey areas are covered by low-lying vegetation and a thin layer of soil that

has a maximum thickness of a few meters, typical of many high-alpine pastures.

Numerous isolated boulders (e.g., T and 11 in Figures 2.2a arid 2.2b) with diameters

up to 2 m are scattered across survey area AI. Tn addition, one open fracture zone

zl (Figure 2.2c) and two surface lineaments that likely define fracture zones z2 arid



2.3. SURVEY SITE 25

Figure 2.2: Photographs of investigation site, (a) Viewed from the west,, dashed black

lines outline the 3-D georadar survey areas Al and A2. Position of surface fracture zl

is shown by solid red line. Surface lineaments that may delineate fractures are shown by

dashed red lines. Numerous large boulders (diameters of 1 — 2 m) are scattered across

area Al, the largest of which are marked 1 and If. Crystalline basement, outcrops along

eastern edges of the survey areas, (b) Viewed from the south, highly uneven topographic

relief and numerous boulders complicate the 3-D georadar data acquisition, (c) Surface

fracture zl.

z3 occur within or just outside the survey areas (Figure 2.2a). Fracture zone zl

has a width of > 20 cm in places. From the surface, it appears to dip very steeply

(~ 75°) north-northwest. Debris and overburden make it difficult to determine the

full extent and dips of the fracture zones from surface observations.
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2.4 3-D Data acquisition

2.4.1 SAGAS data acquisition system and acquisition pa¬

rameters

For data acquisition, we employed the SAGAS system of Lehmann and Green (1999).

It consisted of a standard pulscEKKO 100A georadar unit, a Leica TCA 1800 self-

tracking theodolite, and two field laptop computers (Figure 2.3). Unshielded 100

MHz transmitter and receiver antennas and a 2.15-m-high mast holding the theodo¬

lite target prism were mounted on a sled. The long mast was required to ensure

continuous line-of-sight between the theodolite and the prism in regions with large

boulders and other topographic undulations. All SAGAS components were con¬

nected together by fiber optic cables. While towing the sled, the laser theodolite

automatically followed the target prism, such that the georadar traces and coordi¬

nates of the target prism were recorded simultaneously.

The same acquisition parameters were used for the two surveys, which were

conducted two months apart (Al in July 2001, A2 in September 2001). Since the

crystalline rock mass was generally dry (no standing water was observed in nearby 50

and 120 m deep boreholes), georadar signals penetrated to depths as great as ~ 40

m. To take advantage of these conditions, a long ^ 1050.4 ns recording window

was adopted (Table 2). Each recorded trace was the result of vertically stacking 32

individual traces.

To ensure the non-aliased recording of reflections from steeply dipping structures,

the spacing Ad between traces in common offset data should be:

Ad = Vmm/i^fmax SlIiamoa.) (2.1)

where frmix is the maximum dominant signal frequency, vmin is the lowest ex¬

pected georadar velocity, and amax is the dip of the steepest expected feature. At

the Randa site, dominant signal frequencies are < 80 MHz when using the 100

MHz antennas and velocities are ~ 0.115 m/ns (estimated from common-mid-point

measurements and georadar recordings between nearby boreholes1). Based on these

values, equation (2.1) suggests that sampling intervals of 0.25 m in the x and y

directions should allow features with arbitrary strikes and dips to be recorded at

Randa. In practice, the radiation patterns of unshielded dipole-type antennas oper¬

ating in areas characterized by low electrical conductivities are not well suited for

1A compaiison of the results from the suifaee 3-D georadar with the borehole measurements is

given in the conclusions chapter.
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Self-tracking
Theodolite

Antennas mounted on a Sled

Figure 2.3: Principal elements of semi-automated georadar data acquisition system that

includes a commercial georadar unit, a self-tracking laser theodolite with automatic target

recognition capabilities, and two field laptops for recording the georadar and positional

information (modified from Lehmann and Green (1999)).

illuminating steeply dipping structures (Engheta et al, 1982; Smith, 1984; Lampe

et al, 2003).

At Randa, the 3-D data were collected along approximately parallel straight

lines as far as the rugged topography and large boulders would allow it; it was not

possible to survey across the top of boulder I (see Figure 2.2b). The transmitter

and receiver antennas were separated by 1 m and oriented perpendicular to the

recording direction, defined here to be the y direction. Sampling in the crossline

or x direction varied from 0.15 — 0.25 m. Due to the long recording times and

high degree of vertical stacking, the georadar acquisition unit could only record ~ 2

stacked traces/second. To provide traces every ~ 0.25 in along the y direction,

the sled was moved at a slow maximum rate of ~ 0,5 m/s across the survey areas.

Coordinates were recorded every ~ 0.025 m in this direction. Altogether, 28048

radar traces and 303946 coordinates were collected during the surveying of areas Al

and A2.
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nominal antenna

frequency 100 MHz

recording length 1050.4 ns

sampling interval 0.8 ns

vertical stack 32

nominal spacing in

x-direction (crossline) -0.2 m

nominal spacing in

y-direction (inline) ~ 0.25 m

estimated coordinate

accuracy (except for

regions covered by

large boulders) x ~ 0.03 m

y ~ 0.04 m

z~0.01m

Table 2.1: Acquisition parameters for the 3-D georadar surveys Al and A2.

2.4.2 Problems associated with data acquisition

Accurate coordinates are critical for the reliable processing and interpretation of

3-D georadar data (Grasmueck, 1996; Lehmann and Green, 1999). For self-tracking

theodolites, the accuracy of the changing coordinates depends primarily on the an¬

gular velocity of the rotating theodolite head, which is a function of target prism

velocity and distance between the theodolite head and prism. Lehmann and Green

(1999) determined that coordinates provided by our Leica TCA 1800 self-tracking

theodolite are accurate to ~ 0.03 m or better for field situations in which the theodo¬

lite is positioned at least 10 m from the acquisition line and the prism is moved at

a steady walking pace of ~ 1 m/s or less. This level of coordinate accuracy ap¬

plies to our survey, except for those measurements in the neighborhood of abrupt

topographic discontinuities; when the relatively heavy sled was moved across a large

boulder (Figure 2.4), sudden tilting of the mast resulted in anomalously rapid move¬

ments of the target prism and related lower coordinate accuracies, in particular in

the z coordinates2.

2Recent tests by Streich et al. (2004) suggest that a high quality differential GPS instrument

mounted on a mast between the antennas is capable of providing comparably accurate coordinate

information in near real-time. In contrast to the theodolite, the coordinate accuracy does not

decrease with acquisition speed, but instead depends strongly on the available satellite coverage.
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Figure 2.4: Target prism is not vertically above the center of the antennas when the sled

is pulled across boulders and other major surface undulations.

In addition to introducing coordinate inaccuracies, tilting of the sled may re¬

sult in changes in the antenna-ground coupling conditions and associated changes

in the antenna radiation patterns and georadar pulse shapes. Both the tilting of

the antennas and the changes in their heights above the ground may be impor¬

tant (Smith, 1984; Lampe and Holliger, 2003), possibly resulting in lower quality

subsurface images.

2.5 Data processing

Our scheme for processing the coordinate and georadar data is outlined in Figure 2.5.

Processes influenced by topography are highlighted in the gray boxes.

2.5.1 Determining the topography model

The coordinates of the target prisrn provided by the theodolite are shown in Fig¬

ure 2.6a. Gaps in the coverage were caused by the tilting of the mast holding the

target prism as it was pulled across abrupt topographic discontinuities.

Processing of the georadar data required the coordinates of the center points

between the antennas. To determine these local coordinates from those of the tar-
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Figure 2.5: Processing sequence applied to the 3-D georadar data sets. Operations influ¬

enced by topography are contained in gray boxes.

get prism, we employed the method described by Lehmann and Green (1999). This

involved fitting local second-order 2-D polynomials to the target-prism coordinates

in a least-square sense (Figure 2.5). Each polynomial covered the small area of the

sled. Once the polynomials were determined, the effects of the 2.15 m height of the

prism could be removed and the coordinates of the antenna center points estimated

(Figure 2.6b). This process yielded more evenly distributed coordinates with fewer

and smaller gaps than the distribution of target-prism coordinates (compare Fig¬

ures 2.6a and 2.6b). By combining the recording times of the coordinates with those

of the georadar data, it was then possible to assign a coordinate to each georadar

trace (Figure 2.6c; shown in this figure are the x and y coordinates of the antenna

center points at the times the georadar traces were registered).

A perspective view of the topography represented by the coordinates in Fig-
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Figure 2.6: (a) Positions of target prism measured by the theodolite. Because the mast

carrying the target prism tilts when moved across boulders (Figure 2.4), gaps are present in

the positional data, (b) Mid-point positions of sled obtained after removing the influence

of the mast length, (c) Mid-point positions of georadar transmitter-receiver antenna pairs,

(d) Equally spaced 0.25 x 0.25 m grid points to which traces are assigned (see text for

details of trace assignment). Grid points without traces are blank.



32 CHAPTER 2. 3-D GEORADAR SURVEYING RUGGED TERRAINS

ures 2.6b and 2.6c is displayed in Figure 2.7. Large boulders are identified by white

dots in this diagram. The dip of the topographic model varies from 8 — 16°, except

near and across large boulders, where local dips reach values of up to 40°.

(a) (b)

Figure 2.7: (a) Topographic model of georadar survey areas determined from mid-point

coordinates of georadar antenna pair. Terrain is rugged with numerous large boulders

(white dots identify those with diameters > 1 in). Vertical-to-horizontal exaggeration Ls

2:1. (b) Contour plot shows the elevations determined from the midpoint coordinates.

2.5.2 Coordinate inaccuracies introduced by the creation of

the topography model and absolute coordinate errors

Based on simulations using a complex 3-D topographic model, Lehmann and Green

(1999) estimated the coordinate inaccuracies introduced by the polynomial fitting

procedure and mast length removal. They found that the vast majority of antenna

midpoints had absolute errors < 0.01 m and only very few midpoints had absolute

errors > 0.02 in. By combining these errors with the ^ 0.03 m uncertainty of the

target prism coordinates, we conclude that the absolute errors of the majority of oui

coordinate data are likely to be < 0.04 m. Undoubtedly, much larger errors occur

in the vicinity of boulders and other abrupt topographic variations.

2.5.3 Creating a regular grid of georadar data

Since many processing methods require regularly oideied spatial data, the georadar

data were lesampled on to a regular grid with points separated by 0.25 m in the
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x and y directions (Figure 2.6d). Only the nearest traces to the grid points were

incorporated in the final data set. If two or more traces were recorded at the same

short distance from a grid point (to within 0.01 m), they were stacked together. If

no trace was recorded within 0.225 m of a grid point, a blank trace was inserted at

that point.

2.5.4 Results of the standard processing

After applying a dewow filter and aligning first arrivals, the gridded georadar data

were subjected to an exponential gain function that increased the amplitudes of

later events relative to those of earlier ones (Figure 2.5). They were then passed

through time-variant low-pass frequency filters that reduced the random noise; with

increasing travcltime, cut-off frequencies were decreased from 120 to 75 MHz to

account for the stronger attenuation of the higher frequency components of the

signal. To determine the continuity of reflections and diffractions, it was necessary

to minimize the effects of topography by applying provisional static corrections

(using a constant velocity v = 0.115 m/ns). Although standard topographic static

corrections are less than ideal in georadar applications (because they are based on

the generally erroneous assumption of vertically travelling rays; Lehmann and Green

(2000)), it was necessary to account approximately for topography at this early

processing stage. At a later point, the effects of these corrections were removed

prior to topographic migration (Figure 2.5).

Figure 2.8a shows an x-directed vertical section (y — 30.25 m) extracted from

the standard processed 3-D georadar data set. This representative section contains

(i) several artificial discontinuities (e.g., the time shifts highlighted in the enlarged

section of Figure 2.8a) that result from coordinate inaccuracies and, to a lesser

extent, distortions of the antenna radiation patterns, and (ii) numerous data gaps

near boulders and other topographic irregularities. The artificial discontinuities and

data gaps are the principal source of the high-wavenumber energy present in the

corresponding f-kx spectrum of Figure 2.9a. Their effects arc also clearly seen in

the generally low-quality time slice (t — 192 ns) displayed in Figure 2.10a.

To estimate semi-quantitativcly the influence of the artificial discontinuities, we

cross-correlate each trace in the georadar volume with the sum of its nearest eight

neighboring traces. Summing the neighboring traces minimizes the effects of any

dipping structures and artificial discontinuities, such that the time shift of the cross-

correlation maxima Atcorr is a reasonable first-order estimate of any anomalous time

shifts of the trace. Similarly, the normalized maximum amplitude of the cross-
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Figure 2.8: x-direeted cross-section (;y — 30.25 m) extracted from 3-D georadar- data set

at different processing stages. Vertical light blue lines delineate data gaps (blank traces)
and red arrows indicate positions of boulders, (a) Cross-section after standard processing.

Imprecise coordinates result in artificial discontinuities, (b) After f-xy deeonvolntion. most

artificial discontinuities are markedly reduced and traces aie interpolated in narrow gaps,

(c) High wavenumber noise is suppressed after low-pass fdtering in f-kr and f-k,, domains

(note regions highlighted by red circles; sec also Figures 2.9 and 2.10).

correlation Acmr (normalized such that the autocorrelations of the two time scries

at zero lag are identically one) provides a rough measure of trace distortion.

In Figures 2.11a and 2.lid, the time shifts Arco,7 and normalized amplitudes

Acorr of the cross-correlation maxima are displayed for all traces in the georadar

volume. Many traces have large time shifts (the root-moan-square (RMS) of all

time shifts is 1.0 ns) and quite low correlation maxima (mean value of all normal¬

ized correlation maxima is 0.68). The largest time shifts arrd lowest normalized

correlation maxima mostly occur near boulders.
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(a) (b) (c)

Figuie 2 9 f-k, sped id, of cioss-sections shown m Figure 2 8 (a) Immediately aftei

application ot conventional static corrections, artificial discontinuities aie mainly respon¬

sible for eneigy (paitially aliased) m high wavennmber region of f-kj spectinm (b) f-xy

deconvolution eliminates most high wavemimbei norse (c) Remaining high wavennmber

noise is reduced after low-pass filtering m x and y directions Low frequency (< 10 MHz)

components of eneigy are also filtered out

2.5.5 f-xy deconvolution

To improve the quality of the 3-D geoiadai data set, it is necessaiy to îesolve the

following three issues

• artificial discontinuities (eg, time shifts) associated with coorchnatc inaccu¬

racies,

• an excessive numbei of data gaps (ie,~ 23% blank daces),

• anomalous traces that resulted from local variations in the geoiadar antenna

i achat ion patterns

In the following, we demonstrate that a suitable combination of f-xy deconvo¬

lution and gentle f-k filteimg is capable of reducing significantly the impact of all

thiee problems, while at the same tune decreasing random noise

The f-x and t-xy deconvolution routines were originally introduced a*s means to

ieduce landorn noise m seismic data (Canales, 1984, Gulunay, 1986, Tlornbostel,

1991, Chase, 1992) Their potential as a way to interpolate data was recognizer]

somewhat later (Spitz, 1991, Wang, 2002) In applying f-xy deconvolution to a 3-D

data set, all traces aie fust divided into a number of overlapping tune windows that

aie tiansfoimed into the fiequencv domain Foi each time window and foi each
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(a) (b) (c)

Figure 2.10: Time slices at t - 192 ns at the same processing stages represented by Fig¬

ures 2 8 and 2 9 Data gaps are delineated by light blue color, (a) Time slice immediately

after application of static corrections (see Figure 2.5) has numerous blank traces Aiti-

ficial discontinuities result in generally low quality image, (b) After f-xy deconvolution,

most artrficral discontinuities are suppressed and traces are interpolated in narrow gaps

Unfortunately, an artificial checken board pattern is vrsrble aftei this processing step, (c)

Application of f'-h r
and f-h,j filters (see Figure 2.9) reduces considerably the effects of the

checkerboard pattern. At this stage, filtered traces that have fewer than three neighboring

traces aie deleted.

frequency of the complex amplitude spectra (Treitel, 1974), a reciangular-shaped

prediction filter is applied. Since deterministic events can be approximated by planar

features over short distances, the phase changes by a certain amount from fiacc to

trace depending on the orientations and dipping of the planes. As a consequence, the
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Figuie 2 11 Coir elation of 3-D georadar traces To estimate efficiency of scheme used

to eliminate aitihcial discontinuities, each trace was correlated with the sum of its eight

neighboring traces (a) (c) Time shifts Af,,„, of the cross correlation maxima (d)-(f)
Normalized cross correlation maxima Alu,, (10 coiresponds to perfect correlation) (a)

and (d) show correlation results immediately after application of static corrections Many

tiaces have large time shifts and low correlation maxima (b) and (e) As for (a) and (d)
after application of f-xy deconvolution (e) and (f) As for (b) and (c) after / f,^ and f-ky

filtering and removal of traces that have fewer than ,'i non-zero neighboring traces
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deterministic signal in any trace is predictable on the basis of information contained

in adjacent traces. In contrast, random noise is normally unpredictable from trace

to trace.

To account for the spatially varying nature of our data, we have used a frequency-

domain version of the least-mcan-squares (LMS) adaptive algorithm introduced by

Widrow et al. (1975). This approach allows the f-xy prediction filter to adapt as the

signal character (i.e., the strikes and dips of the dominant events) changes through

the data volume. During f-xy filtering, each time window of an input trace is ef¬

fectively replaced by a phase-shifted suite of values determined from adjacent in¬

put traces (Hornbostel, 1991; Stearns and David, 1993). An individual input trace

contributes to neighboring prediction-filtered traces, but not to its own prediction-

filtered trace. The rate at which the prediction filter can adapt to changing data

characteristics is controlled by a single so-called normalized convergence parameter

(Stearns and David, 1993). For our data, a relatively large normalized convergence

parameter of 1.0 produced satisfactory results. Since the prediction filter is direc¬

tional, the input data are filtered in the positive and negative x and y directions and

the results of the four filtering operations simply stacked. On completing the pre¬

diction filtering, the data are transformed back into the time domain and summed

to yield the filtered 3-D data set.

From the above description of f-xy deconvolution, it is apparent that the effects of

small numbers of anomalous traces (i.e., those influenced by coordinate inaccuracies

and local variations in the georadar antenna radiation patterns) will be suppressed

and that small numbers of blank traces (representing data gaps) will be replaced

by interpolated ones. Gross et al (2002, 2003a,b) have previously employed f-xy

deconvolution to reduce random noise in 3-D georadar data, but to our knowledge

its efficacy in compensating for anomalous time shifts and at the same time interpo¬

lating missing georadar traces has not been investigated. To address this issue, the

results of applying f-xy deconvolution to synthetic 3-D georadar data sets containing

significant time shifts and blank traces are presented in Appendix A. These results

demonstrate that f-xy deconvolution is effective in simultaneously minimizing the

effects of anomalous time shifts and interpolating missing traces.

2.5.6 Results of f-xy deconvolution and f-k filtering

In applying f-xy deconvolution to the Randa georadar data set (Figure 2.5), we

selected a short filter length of 3 x 3 traces and a short time window of 100 ns.

The short filter length ensured that curved events (e.g., diffractions) and short-
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wavelength features (e.g., short reflections and offsets due to faults) were largely

preserved, whereas the short time window limited the number of differently oriented

structures that had to be handled by the f-xy deconvolution algorithm. After f-xy

deconvolution, the continuity of reflections and diffractions in the Randa georadar

data set was markedly enhanced. For example, many of the artificial discontinuities

were noticeably suppressed in the equivalent f-xy deconvolved vertical section of

Figure 2.8b and time slice of Figure 2.10b and most of the blank traces were replaced

by appropriately interpolated ones. Even though completely uncorrelated noise was

reduced after f-xy deconvolution, high-wavennmber noise that correlated over several

traces was either only partly removed or marginally enhanced as a result of the short

filter length. This is clear from the noise in the region of Figure 2.8b delineated by

the red circle and the artificial checkerboard pattern in Figure 2.10b. Nevertheless,

the overall effect of f-xy deconvolution was to decrease markedly the amount of

energy in the high wavenumber parts of the f-k spectra (e.g., Figure 2.9b).

A comparison of Figures 2.11b and 2.lie with Figures 2.11a and 2.lid demon¬

strates in a semi-quantitative fashion the improvements in the 3-D georadar data set

that result from applying f-xy deconvolution. The time shifts of the cross-correlation

maxima AtlXfrr in Figure 2.11b (RMS value — 0.8 ns) are uniformly smaller than

those in Figure 2.11a (RMS value =1.0 ns), whereas the normalized cross-correlation

maxima Acorr in Figure 2.lie (mean value = 0.82) are generally larger than those

in Figure 2.lid (mean value = 0.68).

To remove the high-wavenumber noise, we passed the f-xy deconvolved data

through low-pass spatial filters in the f-kx and f-kv domains (Figure 2.5). Subse¬

quently, all traces that were originally blank and had less than three neighboring

traces before f-xy deconvolution were replaced by blank traces; prediction filtering

based on a few traces is unlikely to be meaningful (these traces were not removed

before f-k filtering to minimize Gibbs' phenomena resulting from the presence of

blank traces). Figures 2.8c-2.10c demonstrate the efficacy of the low-pass spatial fil¬

tering in eliminating the high-wavenumber noise; the high-wavenumber jitter is not

observed in Figure 2.8c and the checkerboard pattern is not seen in Figure 2.10c.

Moreover, the time shifts of the cross-correlation maxima Atcorr in Figure 2.11c

(RMS value = 0.3 ns) are much less than those in Figure 2.11b and the normalized

cross-correlation maxima Acorr in Figure 2.1 If (mean value = 0.91) arc larger than

those in Figure 2.lie.

Typical vertical sections and horizontal slices extracted from the final prc-

migrated georadar data set are displayed in Figure 2.12. An interpretation of the
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marked features is provided after the results of the 3-D topographic migration are

presented.

2.5.7 3-D topographic migration

Migration of georadar data is usually required to obtain dependable subsurface im¬

ages of complex geological terrains. Furthermore, special migration procedures are

necessary for georadar data recorded on dipping surfaces or across topographically

rugged terrains; synthetic studies have demonstrated the inadequacies of conven¬

tional migration procedures when surface dips are 3> 6° and/or short-wavelength

topographic relief as small as 1 — 2 m is present (Lehmann and Green, 2000). Here,

we employ a modified 3-D version of Lehmann and Green's (2000) topographic mi¬

gration algorithm, which migrates georadar data directly from irregular acquisition

surfaces. It is based on the Kirchhoff integral formulation introduced by Wiggins

(1984).

Before migrating the Randa georadar data, it was necessary to remove the pro¬

visional static corrections (Figure 2.5). For the images displayed in Figure 2.13, a

constant velocity of 0.115 m/ns (estimated from commori-mid-point measurements

and georadar recordings between nearby boreholes) was employed in the migration.

2.6 Interpretation

We focus our interpretation on the strongest reflections and diffractions A-D in

Figures 2.12 and 2.13. The very shallow reflection A dips 15 — 18° to the southwest

(strike: 130 — 155°). Since it approaches the surface along the eastern and northern

edges of the survey area where the crystalline basement outcrops (Figure 2.2a), it is

probably generated at the boundary between the weathered overburden and rock.

If this interpretation is correct, then the overburden is thickest at ~4m under the

southwestern corner of survey area Al.
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Reflection B has a high amplitude and is relatively continuous over an area of

1500 m2. It dips ~ 25° to the southwest (strike: ~ 155°), roughly parallel to the

principal foliation direction of the bedrock. Like reflection A, it approaches the

surface at the eastern and northern edges of the survey area and it can be traced

to a maximum depth of ~ 11.5 m. It may originate from a significant change in

lithology or a fracture zone controlled by the foliation.

Best observed on the non-migrated images of Figure 2.12, reflection C dips 35 —

40° eastward (strike: 15 — 22°) over the whole length of survey area Al near its

western edge. It projects to the surface location of the lineament that defines the

probable fracture zone z2 (Figure 2.2a). We interpret event C as a reflection from

z2.

Diffraction patterns D appear at different depths within the southern part of

the non-migrated georadar data volume (e.g., Figure 2.12). On migration, they

collapse to a steeply dipping series of "point"or "line"sources (e.g., Figure 2.13).

We suggest that they are created along the edges of a steeply dipping fracture zone

z3 (Figures 2.2a and 2.13g).

Although zl is the most prominent fracture zone within surveyed areas Al and

A2, any reflections or diffractions from it are not obvious in the images of Fig¬

ures 2.12 and 2.13. A lack of reflections is not unexpected, because neither the radi¬

ation characteristics of the unshielded dipole-type antennas nor the survey geometry

are favorable for imaging a north-northwest steeply dipping (^ 75°) feature at the

location of zl. By comparison, application of a recently developed semblance-based

migration scheme to our georadar data has demonstrated the existence of numerous

point scatterers below and to the north of zl (see Chapter 3). We suspect that

high background noise and destructive interference masks the diffraction patterns

in Figures 2.12.

2.7 Conclusions

We have for the first time acquired and processed a large 3-D georadar data set

across a terrain characterized by rugged topography and highly fractured and un¬

stable crystalline rock. Our SAGAS acquisition system allowed the georadar data

and corresponding coordinates of the theodolite target prism to be recorded simulta¬

neously. After processing, most coordinates of the georadar traces were determined

to better than ~ 0.04 m. In the vicinity of large boulders and other abrupt to¬

pographic discontinuities, rapid tilting of the sled holding the target-prism mast
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resulted in markedly larger coordinate inaccuracies. Although not explored in de¬

tail in this contribution, tilting of the sled also caused the georadar signals to vary

somewhat.

After passing the Randa 3-D georadar data set through a relatively conven¬

tional processing scheme (dewow filtering, time-zero alignment, amplitude scaling,

time-variant low-pass frequency filtering, and application of provisional static cor¬

rections), the resultant images were found to be plagued by artificial discontinuities

(anomalous time shifts) caused by coordinate inaccuracies and data gaps (i.e., ~ 23%

blank traces). Synthetic studies demonstrated (Appendix A) that f-xy deconvolu¬

tion based on a least-mean-squares (LMS) adaptive algorithm was a suitable means

to address these problems. By applying to the Randa 3-D georadar data set an

appropriate combination of f-xy deconvolution and low-pass spatial filtering in the

f-kr and f-ky domains, we were able to:

• suppress significantly the effects of the artificial discontinuities,

• replace many of the blank traces (representing data gaps) with interpolated

ones,

• minimize the influence of antenna radiation pattern variations, and

• reduce the random noise.

Our final processing steps involved removing the provisional static corrections

from the 3-D georadar data set and applying a 3-D migration algorithm that fully

accounted for the rugged topography.

In the non-migrated and migrated 3-D georadar data sets, high-amplitude con¬

tinuous reflections were observed from (i) the interface between the overburden and

crystalline rock, (ii) a gently dipping lithological contact or fracture zone, and (iii)

a moderately dipping fracture zone. A suite of prominent georadar diffractions were

detected beneath a surface lineament that likely delineated the location of a steeply

dipping fracture zone.

Acquiring unaliased 3-D georadar data across rugged terrain is challenging and

relatively time consuming, and the processing of the recorded data may require

the application of non-standard procedures (e.g., f-xy deconvolution and 3-D to¬

pographic migration). For the Randa study site, the resultant high-quality images

demonstrate that the effort is worthwhile. The success of this study should encourage

environmental and engineering geophysicists to expand their uses of 3-D georadar

surveying to hilly and mountainous rugged regions that require investigation.
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Chapter 3

Semblance-based topographic

migration (SBTM): a method for

identifying fracture zones in 3-D

georadar data

Björn Heincke, Alan G. Green, Jan van der Kruk, and Heike Willenberg

Near- Surface Geophysics, in press

3.1 Abstract

Steep-dipping fracture zones are generally difficult to delineate using traditional

ground-penetrating radar (georadar) techniques. Evidence for their presence in

standard georadar images may be either completely absent or limited to diffractions

and/or chaotic reflection patterns. To address this issue, we present a novel 3-D

migration scheme based on computations of semblance. This new approach, which

accounts for undulating surface topography, emphasizes diffractors while markedly

reducing the effects of specular reflectors. After demonstrating the efficiency of the

technique on 3-D synthetic data, we apply it to a 3-D georadar data set acquired

across an unstable mountain slope in the Swiss Alps. This region is characterized

by rugged topography and numerous shallow- to steep-dipping fracture zones and

faults. Only the shallow- to moderate-dipping structures are imaged as reflectors

46
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in conventionally migrated versions of the georadar data. Our semblance-based to¬

pographic migration (SBTM) scheme produces a 3-D volume containing clouds of

high-semblance values. Application of morphology image processing to these clouds

reveals the presence of geologically meaningful structures, most of which are very

steeply dipping (> 75°). Several of the steep-dipping structures project to open

fracture zones and associated lineaments at the surface, thus demonstrating the ca¬

pability of the combined SBTM and morphology procedure for mapping near-vertical

fracture zones.

3.2 Introduction

Knowledge of the distribution and orientation of joints and fracture zones is im¬

portant for a wide range of engineering, geological, and hydrological investigations.

As examples, joints and fracture zones influence the stability of mountain slopes

and tunnels, affect the quality of quarried ornamental stone, and control the flow of

water through crystalline rock. In regions distinguished by low conductive ground

conditions, ground-penetrating radar (georadar) has proven to be a useful tool for

detecting and visualizing joints and fracture zones at shallow depths down to 50 m.

It is the surface geophysical method with the highest resolution (e.g., 0.25 m for

100 MHz antennas). Georadar profiles and three-dimensional (3-D) georadar data

have been employed for mapping fracture zones within crystalline and sedimentary

rock (Holloway, 1992; Grandjean and Gourry, 1996; Grasmueck, 1996; Derobert and

Abraham, 2000; Lualdi and Zanzi, 2004) and for detecting joints in karstic limestone

(Pipan et al, 2003). Two-dimensional (2-D) multicomponent georadar data have

been used to determine the strike directions of joints and fractures (Seol et al, 2001)

and to identify the presence of vertical fracture zones (Tsoflias et al, 2004).

None of these techniques are well suited for imaging reflections from steep-

dipping fractures, primarily because of the unfavorable radiation patterns of typical

surface georadar antennas (Engheta et al, 1982). As a consequence, the effects of

steep-dipping fracture zones are either completely absent in conventional georadar

images or their presence is inferred, either from linear truncations of shallow-dipping

reflections or from the occurrence of numerous diffractions or chaotic reflection pat¬

terns (Grandjean and Gourry, 1996; Grasmueck, 1996; Young et al, 1997; Gross

el al, 2002; Tronicke et al, 2005). Unfortunately, truncations of shallow dipping

structures are only observed at wide fracture zones or at fracture zones across which

relative displacements have taken place. In addition, it is generally not easy to inter-
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prêt complex sequences of overlapping and interfering diffractions in non-migrated

georadar data. Although conventional migration algorithms (e.g., Kirchhoff migra¬

tion) are based on the principle of collapsing diffractions, "point"diffractors in the

resultant migrated images are generally either difficult to discern or obscured by

higher amplitude specular reflectors.

To highlight the effects of steep-dipping fracture zones in single-component geo¬

radar data, we have adapted a migration scheme from seismic processing (Landa and

Keydar, 1998; Müller, 2000) to georadar applications that enhances significantly the

images of diffractors relative to those of reflectors. In this new scheme, the standard

weighted summations of data employed in Kirchhoff migration (Schneider, 1978)

are replaced by coherency estimates based on semblance computations (Neidell and

Taner, 1971). Because many regions of interest are rugged, our migration scheme

also accounts for the effects of irregular surface topography in the manner described

by Lehmann and Green (2000). Hereafter, this new method is termed semblance-

based topographic migration or SBTM. The SBTM scheme outputs a large number

of point semblance values that need to be ranked objectively and, where appropriate,

joined to form semi-continuous or continuous features (e.g., fracture zones). This

is achieved by first eliminating all semblance values less than a predetermined cut¬

off and then subjecting the remaining SBTM output to a 3-D morphology digital

imaging process (Pratt, 2001) that allows the locations and shapes of the causative

structures to be defined.

After describing SBTM, we demonstrate its effectiveness on synthetic data that

contain two prominent reflections and numerous diffractions. We then present the

results of applying the combined SBTM and morphology approach to a 3-D georadar

data set collected across a highly fractured crystalline rock mass in the Swiss Alps.

Comparison of these results with a Kirchhoff-type topographic-migrated version of

the same data set demonstrates the added value provided by the combined SBTM

and morphology approach. Finally, we bring together the information obtained from

the two migration procedures with surface geological observations to yield integrated

images of the fracture zones and other structures that characterize the unstable rock

mass.
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3.3 Migration algorithms

3.3.1 Topographie migration

Lehmann and Green's Kirchhoff-type topographic migration technique involves ap¬

plying the following processes at each point in the subsurface:

• ray trace to determine the migration template,

• calculate appropriate amplitude weighting factors,

• sum the weighted data along the migration template,

• and assign this value to the subsurface point in the migrated image.

Each point beneath an irregular acquisition surface is represented by a unique mi¬

gration template. Only for flat horizontal acquisition surfaces and homogeneous ve¬

locities are the migration templates simple diffraction hyperbolas of the type shown

in Figure 3.1a. The amplitude weighting factors arc critical components of this

and other Kirchhoff-type migration routines, especially for the correct reconstruc¬

tion of specular reflectors. Because the large amplitudes of strong reflections have a

major impact on the summation process, reflectors arc emphasized in conventional

migrated images.

3.3.2 Semblance-based topographic migration (SBTM)

Our new procedure for accentuating the presence of diffractors requires a simple yet

effective modification to Lehmann and Green's topographic migration technique.

Instead of summing the weighted data along discrete migration templates (Fig¬

ure 3.1a), semblance values are calculated for data contained within tubes that follow

the same migration templates (Figure 3.1b). Semblance is a quantitative measure

of signal coherency that can be rapidly computed (Neidell and Taner, 1971). It is

widely used for various purposes in the processing and interpretation of seismic data.

In addition to its key role in determining seismic stacking velocities (e.g., Taner and

Koehler, 1969; Neidell and Taner, 1971), semblance is used as an attribute in the

interpretation of seismic data (e.g., Marfurt et al, 1998). Moreover, Landa and

Keydar (1998) and Müller (2000) employ semblance analyzes in the stacking and

migration of multi-offset seismic data as a means to detect the origins of seismic

scatterers. In georadar applications, (Alii et al, 2004) use coherency measures in

migration algorithms designed explicitly for landmine detection.
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Conventional migration

i=m

a) Weighted summing along a

migration template

Semblance-based migration

r
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b) Calculating the coherency of data

within a tube that follows a

migration template

j=k+N

Figure 3.1: In conventional Kirchhoff migration, data are weighted summed along migra¬

tion templates (diffraction hyperbolas in topographically flat regions), (b) In semblance-

based migration, semblance values arc used to estimate the coherency of data contained

in tubes that follow the migration templates.

If is the j'th sample of the zth trace, the semblance at, trace m is given by:

S(m) =

k+N M

£(£^)2
j=k i=l

k+N M

M E E(fij)'2
j=k i-1

(3.1)

where M is the number of channels, N is the width of the semblance tube and

index k is defined in Figure 3.1b. To ensure that the entire georadar wavelet is

considered irr the correlation process, we set the thickness of the semblance tube

equal to the inverse of the lowest dominant signal frequency. Since semblance is not

only sensitive to signal coherency but also to large amplitude variations (Neidell and

Taner, 1971), prior to computing the semblance values the data are scaled to yield

roughly equal amplitudes along the lengths of the semblance tubes. For perfectly
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correlated noise-free data, S = 1. Apart from the scaling dependency, semblance

has proven to be a robust coherency measure in numerous applications (e.g., Taner

and Koehler, 1969; Neidell and Taner, 1971; Landa and Keydar, 1998).

Only those steep-dipping fracture zones that interrupt the continuity of shal¬

lower dipping features or contain rough surfaces or boundaries will be delineated

by SBTM; a smooth-sided fracture zone within a homogenous medium does not

generate diffractions and is, therefore, unlikely to be detected. The minimum size

of a detectable diffractor can be estimated from Rayleigh's law (e.g., Skolnik, 1980).

For spherical perturbations of radius a that are very small compared to the dom¬

inant wavelength A of the georadar signal (i.e., 2na/X <C 1), the scattered energy

decreases rapidly with decreasing radius. Accordingly, diffractors much smaller than

a = A/2tt are unlikely to be resolved.

In contrast, to the strong positive semblance values that will occur as a result of

a semblance tube coinciding with a diffraction, enhanced semblance values are not

expected to be associated with specular reflections. Indeed, application of SBTM

will result in significant reductions of reflected energy in the final images.

3.4 Synthetic data set

To compare the performance of the semblance-based and conventional Kirchhoff time

migration routines under controlled conditions, we have applied both to a synthetic

3-D georadar data set that, consisted of 101 x 101 zero-offset traces. The traces

extended to 300 ns travcltime and were uniformly spaced at Ax = Ay — 0.25 m,

such that the flat horizontal area covered was 25 x 25 m. We used a Gaussian source

wavelet with a dominant frequency of 100 MHz. The data set included two high

amplitude reflections, one horizontal (LI) and one dipping 25.7° in the y-direction

(LI), and 103 randomly distributed diffractions represented by the far-field radiation

patterns of infinitesimal dielectric dipoles located within a homogeneous half-space

(Engheta et a/., 1982). The half-space had a velocity of 0.115 m/ns. To simulate

realistic recording conditions, incoherent white noise was added to the synthetic data

(resultant average signal-to-noise ratio was 1.5) and the amplitudes were scaled with

a ~ i2'5 function.

Figure 3.2a shows a representative cross-section (x = 9.75 in) extracted from

the premigrated synthetic 3-D georadar set. It contains the two strong reflections

and numerous diffractions. The same cross-section extracted from the Kirchhoff-

migrated data set (Figure 3.2b) includes the appropriately migrated reflectors and
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five diffractors D1-D5; diffractors Dl, D2, and D3 are situated within the plane of

the cross-section and D4 and D5 are located within 0.35 m of it. In contrast, the

equivalent semblance-based migrated cross-section shows a weak horizontal reflection

LI, almost no evidence for the dipping reflection L2, and five prominent diffractors

D1-D5 (Figure 3.2c). The differences between the two migrated cross-sections are

highlighted in Figure 3.2d, which shows pairs of traces that intersect the reflectors

and two of the diffractors (D2 and D5).

As a result of the superimposed noise, interference between the diffractions and

reflections and application of an imperfect gain function, the five diffractors yield

relatively low semblance values of S — 0.005 — 0.03 (compare this to S — 1 for

perfectly correlated data). Clearly, it is the relative semblance values of the various

diffractions and reflections that are important, not the absolute values. A quanti¬

tative measure of how much the semblance-based migration scheme amplifies the

effects of diffractors at the expense of reflectors is provided by the quotient Qu:

^~>
DSemblance/ -^'Semblance /r, n\

DKirchhoff/R-Kirchhoff

where D and R are the maximum amplitudes of diffractors and reflectors in the

two migrated cross-sections. For the cross-sections displayed in Figure 3.2, Qu ~ 8.6.

3.5 Swiss alpine data example

3.5.1 Survey site

Our 3-D georadar survey site is located on an unstable mountain slope in the Swiss

Alps (Figure 3.3), immediately above a 1 km high scarp that resulted from a huge

rockslide that blocked the only land route through the Matter Valley to Zermatt in

1991. The unstable slope is currently moving cms/year in the direction of the 1991

rockslide scarp (Willenberg et al, 2002b), such that three open fracture zones zl,

z2, and z3 are now visible within or just outside the survey area (Figures 3.3a and

3.3b). The rugged and craggy terrain of the survey area dips 8 — 16° in a southwest

direction. It is covered by low-lying vegetation and a thin layer of moraine and slope

debris with a maximum thickness of a few meters.

Knowledge of the geology in this region is based on rock outcrops (e.g., along

the eastern and northern edges of the survey area), information derived from three

50 — 120 m deep boreholes1) located < 50 m east, and north of the survey site, and

1
Comparison of the results from the surface 3-D georadar with the borehole measurements is
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Figure 3.2: Comparisons of conventional and semblance-based migrations of a synthetic

3-D zero-offset data set (dimensions: 25 x 25 in; 300 ns). One horizontal planar reflection

L2, one inclined planar reflection Lf that dips 25.7° in the y-direction, and f03 randomly

distribut cd diffractions are local cd wit hin the data volume. Incoherent white noise is added

to the data and the amplitudes are scaled using a time-dependent function, (a) Cross-

section (t — 9.75 m) extracted from the premigrated data set. Diffraction hyperbolas that

originate from point ditfractois located within or close to the cross-section (Ü1-D5 in (b)

and (c)) aie outlined by red dashed lines, (b) and (c) show the same cross-section as in (a)

aftei applying Kirchhof! and semblance-based migration, respectively. Black dotted circles

mark the positions of the diffractors. (d) Traces 1-4 extracted from the conventional and

semblance-based migrated data (for locations see (b) and (<)). The traces are scaled by

constant multiplicative factors so that reflect ion L2 has the same amplitude on all traces.

analyzes of aerial photographs (Willenboig el al, 2002b; Willenberg, 2004). The

upper ~ 50 m of the rock mass is dominated by heteiogeneous gneisses with a strong

given m the conclusions chapter
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Figure 3.3: (a) Photograph of the investigation site. Viewed from the west, the black

dashed lines outline the 3-D georadar survey area. The solid parts of the red lines delineate

surface-exposed fractures (zl-y,3). whereas the dashed parts outline surface lineaments (zl-

z4) observed on aerial photographs, (b) Photograph of surface fracture zl. (c) Trends a-in

observed on images obtained after SBTM and morphology processing" (see Figures 3.6 and

3.7) are shown by yellow and white dashed lines. Deep penetrating" features (i.e., those

detected below reflection B in Figures 3.5a-b) are yellow. Shallow features (i.e., those only

observed above reflection B) arc white.

20 — 25° southwest-dipping foliation and three large scale fracture/fault systems Fl-

F3. The Fl fault system clips at shallow angles to the southwest, parallel to the

strong bedrock foliation. The other two systems comprise fracture zones and faults

that are mostly steeply dipping. On average, the F2 system strikes roughly east-
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west (e.g., zl in Figures 3.3a and 3.3b) and the F3 system strikes approximately

north-south (e.g., z2 and z3 in Figure 3.3a). The steep-dipping fracture zones and

faults likely influence the instability of the mountain slope (Willenberg et al, 2002b;

Willenberg, 2004). Lineaments observed on aerial photographs suggest that zl, z2,

and z3 extend well beyond the exposed open fracture zones and that a fourth steep-

dipping fracture zone z4 is present a little to the north of the survey site.

3.5.2 Georadar data acquisition

The primary objective of the 3-D georadar survey was to delineate the spatial distri¬

bution and orientations of major fracture zones and faults from immediately below

the surface to ~ 40 m depth (sec Chapter 2). This information was considered

important for estimating slope instability. To collect the georadar and coincident

topographic data across the 35 x 60 m survey site, we employed the acquisition

system from Lehmann and Green (1999). It included a standard georadar unit,

a self-tracking theodolite, and two field laptop computers. Unshielded 100 MHz

transmitter and receiver antennas separated by 1.0 m and a 2.15 m mast holding

the theodolite target prism were mounted on a sled that was pulled across the rugged

terrain shown in Figure 3.3a. The georadar data were recorded every ^ 0.25 m along

approximately parallel straight lines separated by 0.15 — 0.25 m (Table 3.1). Due to

the dry conditions in the crystalline rock mass, attenuation and dispersion effects

were insignificant, such that signal shapes varied little with recording time.

3.5.3 Premigration processing of the georadar data

The processing applied to the 3-D georadar data set is outlined in Table 3.2 (further

details are provided in Chapter 2). We began by resampling the data on to a regular

0.25 x 0.25 m grid and then subjected them to a relatively standard processing

sequence. Before applying topographic migration to the data, it was necessary

to remove small timing errors and interpolate data gaps that resulted from rapid

movements of the recording sled as it was pulled across particularly rugged parts

of the terrain and large boulders (Figure 3.3). These problems were resolved by

sequentially passing the data through an adaptive f-xy deconvolution routine and

f-kx and f-ky filters. Since the semblance computations were based on voluminous

data contained within the broad semblance tubes, the effects of the minor timing

errors and small data gaps were automatically substantially reduced. Consequently,

it, was unnecessary to spatially filter the data before applying SBTM.
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Parameters 3-D survey

Antenna frequency 100 MHz

Antenna spacing 1 m

Sampling interval 0.8 ns

Time window 1050.4 ns

Vertical stack 32

Nominal spacing in the -0.2 m

x direction (crossline)

Nominal spacing in the -0.25 m

y direction (inline)

Table 3.1: Acquisition parameters used for the 3-D georadar survey.

3.5.4 Migrated georadar data

A constant velocity of 0.115 m/ns, which was estimated from common-mid-point

measurements and recordings in the nearby boreholes, was employed for both migra¬

tions. Using this velocity and the nominal antenna frequency of 100 MHz, Rayleigh's

law suggests that SBTM should be able to resolve discrete objects, discontinuities,

and irregularities on subsurface boundaries that are bigger than about 0.25 m.

Time slices extracted from the premigrated data are shown in Figures 3.4a-

c and the corresponding depth slices after topographic migration and SBTM are

displayed in Figures 3.4d-f and Figures 3.4g-i, respectively. In Figures 3.4a-f, signif¬

icant shallow-dipping (< 45°) reflections/reflectors are marked A to C and promi¬

nent diffractions/diffractors are indicated by the letter D. Accumulations of high-

semblance values are marked I to IV in Figures 3.4g-i. Typical cross-sections ex¬

tracted from the two migiated data sets are presented in Figures 3.5a and 3.5c. To

provide an oveiview of key information contained in the topographic-migrated data,

Figure 3.5b shows all semi-automatically picked reflectors (A-C, E) and diffractors

(D and F) in perspective view. Points with very high-semblance values (> 0.001)

in the SBTM images are added as dark grey clusters to this perspective view in

Figure 3.5d. Note, how the higher noise levels and greater degree of interference
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Processing

1. resample the data on to a

regular 0.25 x 0.25 in grid

2. dewow filter

3. time-zero alignment

4. amplitude scaling

5. provisional static correction *

6. f-xy deconvolution *

7. high-cut f-kx and f-kv filter *

8. remove provisional static *

correction

9. topographic migration OR
semblance-based topographic
migration (SBTM)

* these processes were onh necessary

before applying the topographic
migration scheme

Table 3.2: Georadar processing scheme (further details are provided in Chapter 2).

between diffractions and reflections in the observed data result in semblance values

that are somewhat lower than for the synthetic data.

3.5.5 Comparisons of the migrated data sets

As expected, there is no evidence for specular reflections in the SBTM data set

(Figures 3.4g-i and 3.5c). Of the four picked reflectors shown in Figure 3.5b, only

C has sufficient roughness to generate high semblance values in the SBTM images

(III in Figures 3.4i and 3.5c; see also Figure 3.5d). Prominent diffractors D and F

in the topographic-migrated images also correspond to high semblance values (IV

in Figures 3.4i and 3.5c; see also Figure 3.5d), thus demonstrating further the

efficacy of SBTM. Other accumulations of high semblance values (e.g., I and II in

Figures 3.4 and 3.5) describe very steeply dipping (> 75°) structures that cannot be

related to features in the topographic-migrated images. We conclude that SBTM

provides information that is complementary to that supplied by more conventional
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0 x(m) 30

(a)

t = 205 ns

t = 275 ns
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Figure 3.4: (a)-(c) Three premigration time slices. Data gaps are shown by light blue-gray

color. Several significant reflections A, B, and G and diffraction patterns D arc visible.

(cl)-(f) show the corresponding depth slices extracted from the 3-D topographic-migrated

data set. (g)-(i) show the corresponding depth slices extracted from the 3-D SBTM data

set; high-semblance values are rod.
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Figure 3.5: (a) and (c) show cross-sections (y = 14m) extracted from the 3-D topographic-

migrated and 3-D SBTM Randa data sets, respectively. R.cflcctors A, B, C, and E and

diffractors D and F are visible in (a). High-semblance values 111 and IV within the ellipses

of (c) correspond to reflector C and diflractor D, respectively, (b) The surface topography

and picked reflectors and diffractors A-F are displayed in perspective view, (d) Points

with high-semblance values are added as dark grey clusters to the perspective view of (b).
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topographic migration.

3.5.6 Application of morphology digital image processing to

the SBTM data

Although trends of very high-semblance values (> 0.001) may be generated at frac¬

ture zones, the significance of the ubiquitous high semblance values is not clear

at this stage of the processing. If they form planar alignments, they may also be

generated at fracture zones. If not, they could be associated with the general hetero¬

geneity of the rock mass or they may be artifacts. To search objectively for planar

structures within the clouds of point semblance values, we employ the 3-D mor¬

phology process described by Pratt (2001). This simple but important technique

in digital image processing flattens and preserves essential shape characteristics while

removing protuberances and noise.

The entire SBTM data set is treated as a digital volume comprising equally

spaced voxels (i.e., data points). We begin by activating all voxels with semblance

values > 0.0003. In our case, the morphology procedure consists of two basic steps.

First, the so-called dilation process adds adjacent (inactive) voxels to the clusters.

Then, the inverse process of erosion removes (active) voxels from the borders of

the clusters. The total effect is a closing of gaps and breaks between voxels in the

clusters. For both processes, we choose a short filter of 3 x 3 x 3 voxels. Such short

filter lengths ensure that independent features are not, artificially linked. After

application of the morphology process, all clusters with less than 50 voxels are

removed and the analysis focuses on the larger clusters.

In the 3-D perspective views of Figures 3.6a and 3.6b, points with semblance

values > 0.0003 are shown before and after application of the morphology proce¬

dure and elimination of the small clusters. To picture better the effects of these

operations, Figures 3.7b and 3.7c show the 7.3 m depth slice at the same processing

stages as shown in Figures 3.6a and 3.6b; all SBTM data at this depth level are

shown in Figure 3.7a.

3.5.7 Fitting planes to trends in the semblance values

Although the morphology-processed images (Figures 3.6b and 3.7c) are manageable

and can be examined efficiently using visualization software that allows the inter¬

preter to travel through the data volume in arbitrary directions, the 3-D structures

arc somewhat difficult to present in hard copy format. Given that the most im-
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Figure 3.6: Perspective-view figures showing how trends are extracted from the 3-D

SBTM data set: (a) Relatively high-semblance values extracted from the semblance-based

migrated data set are plotted as grey clusters, (b) To emphasize and connect large wale

features, a morphology procedure; (dilation followed by erosion) is applied to the clusters

(see text for details). Small clusters with less than 50 voxels are eliminated, (c) From the

remaining clusters, trends are traced throughout the 3-D volume and planar surfaces are

fitted to them in a least-squares sense, (d) Planes a-m may be related to fracture /.ones

and other subsurface features. Except for j, all surfaces dip very steeply (> 75").

portant fracture zones are likely to be planar, we have identified thirteen distinct

linear trends in depth slices throughout the data volume and then fitted in a least-

squares sense planar sm faces to these trends. The resultant high semblance planes

are displayed with the perspective view of the clusters in Figure 3.6c, and the inter¬

sections of the planes with the 7.3 m depth slice are presented in Figure 3.7d. For

demonstration purposes, the morphology-processed images and the intersections of

the high semblance planes are shown at two other depths in Figures 3.7d-h. The
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l = 4.1 m z= 10.4 m

Figure 3.7: (a)-(d) show the same sequence of steps as displayed in Figuie 3.6, but for

a typical depth slice (z = 7 3 m). (a) Depth slice extracted from the 3-D SBTM data

set. (b) Only voxels with relatively high-semblance values are displayed vcllow. (c) After

applying a morphology process, small clusters (< 50 voxels) are removed, (d) General

trends in (c) aie traced throughout the 3-D volume and planar surfaces a-m are litted to

them in a least-square sense. Red lines show the intersections of the planes with the depth
slice, (e)-(h) show two other depth slices after application of the moiphology process and

the least-squares fitting procedure.

planes are identified by the letteis a-m in Figure 3.6d. It is notable that except for

j, all high semblance planes have steep dips (uniformly > 75°). Theii intersections

with the sin face of the ground are shown in Figure 3.3c.

Several of the planes were derived from the accumulations of high semblance
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values I-IV shown in Figures 3.4 and 3.5: a and b were derived from high semblance

values I, i from high semblance values II, j from high semblance values III, and 1 and

k from high semblance values IV.

3.5.8 Interpretation: integrating information contained in

the two migrated data sets with surface geological ob¬

servations

Our integrated interpretation is based on the series of perspective views displayed in

Figure 3.8, the surface information shown in Figures 3.3a-c and the lithological and

structural model of the unstable rock mass presented by Willenberg et al (2002b)

and Willenberg (2004). We begin with the features imaged in the topographic-

migrated data set. Reflector A, which dips 15 — 18° to the southwest, corresponds

to the boundary between the surface layer of moraine and debris and the underlying

crystalline rock (see Chapter 2); it approaches the surface along the eastern and

northern edges of the survey site, where bedrock outcrops, and its depth correlates

with the depth to bedrock observed in the open fracture zl (Figure 3.3b). The

aerially extensive strong reflector B and the narrow reflector E both dip ~ 25° to

the southwest (Figures 3.8d-f), parallel to the prominent bedrock foliation. As such,

they arc probably examples of the foliation-parallel Fl faults. Where they outcrop,

Fl faults are mostly brittle-ductile shear zones Willenberg (2004).

The C reflector and the D series of diffractors project, to open fracture zones at the

surface and are associated with high semblance planes. Reflector C is related to the

north-south striking open fracture zone 7,2 and associated lineament (Figure 3.3a).

Furthermore, it coincides with the 35 — 40° eastward dipping high semblance plane

j (Figures 3.8d-f). Accordingly, we interpret reflector C and the high semblance

plane j in terms of a north-south striking fracture zone that has a complex internal

structure or uneven boundaries. It dips moderately eastward and outcrops a little

to the west of the survey site. The D diffractors and equivalent near-vertical high

semblance plane 1 are directly linked to the north-south striking surface fracture

zone z3 (Figure 3.3).

Neither the gaping open fracture zone zl (Figures 3.3a and 3.3b) nor the pro¬

jected extensions of zl and z3 are represented in the topographic-migrated images.

In contrast, the diffraction effects of these structures and other features are revealed

in the SBTM data set. All thirteen high semblance planes either cut through re¬

flector A or occur beneath it. Consequently, they all affect the crystalline basement
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c) f>

Figuie 3.8: (a) and (d) show two different perspective views of features A-F picked fiom

the topographic-migrated data set. (b) and (e) show the same peispective views, but of

planar surfaces a-m determined from trends in the SBTM data set. (c) and (f) combine

the information showrn in (a) and fb) and (c) and (d)
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and thus have the potential to be fracture zones. Seven of them (b, c, d, e, g, h, and

m; shown by white dashed lines in Figure 3.3c) cannot be traced below reflector B,

whereas six (a, f, i, j, k, and 1; shown by yellow dashed lines in Figure 3.3c) can be

followed to greater depths.

The high semblance plane b corresponds to the open fracture zl and its pro¬

posed lateral extensions (Figure 3.3). Somewhat surprisingly, this seemingly major

structure can only be traced to about 5 m depth (Figure 3.8). There arc two possi¬

ble explanations for this observation. Either the fracture zone is a surficial feature,

which we doubt, or its internal structure and boundaries below this depth become

relatively smooth at the ~ 0.25 m detection level of SBTM. It is worth noting that

the high semblance planes a and d trend in the same general east-west direction

as the open fracture zl (Figures 3.3, 3.6, and 3.8b). We suspect that the z4 lin¬

eament, which lies outside of the survey area, the zl open fracture zone and the

steep-dipping high semblance planes a, b, and d are members of Willenberg's (2004)

east-west trending fracture/fault system F2.

Based on a comparison of Figures 3.3a and 3.3b, it appears that the high sem¬

blance plane f is the northward extension of the open fracture z3 and its high sem¬

blance plane 1. Figure 3.8e demonstrates that the parallel trending high semblance

plane k, which includes some of the D diffractors (Figure 3.8f), converges with the

high semblance plane 1 at a depth of ~ 30 m. We suggest that the z3 fracture zone,

the steep-dipping high semblance planes f, h, i, k, and 1 and probably the moder¬

ate dipping open fracture zone z2 and the coincident high semblance plane j arc

members of the north-south trending fracture/fault system F3.

3.6 Summary and Conclusion

To detect the presence of steep-dipping fracture zones in single-component 3-D geo¬

radar data, we have developed a semblance-based topographic migration (SBTM)

scheme that highlights the presence of diffractors while substantially reducing spec¬

ular reflected energy. This new scheme also accounted for the effects of undulat¬

ing surface topography. The ability of SBTM to identify and map diffractors was

demonstrated on a synthetic data set.

When applied to field data, SBTM outputs clusters of high semblance values

generated by diverse diffractors that may include isolated objects, edges, and breaks

in continuous structures and irregularities on subsurface boundaries. To determine

objectively if any of the high semblance values originate from semi-coherent or co-
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hcrent structures, we treat the entire SBTM data set as a digital volume of equally

spaced voxels (i.e., data points) and then subject this volume to morphology digital

image processing (Pratt, 2001). Finally, we search through the structures identified

by the morphology processing for planar features that could represent, fracture zones

or faults.

In an attempt to extract maximum information from a 3-D georadar data set

recorded across a highly fractured crystalline rock mass, we employed two migra¬

tion procedures: a relatively conventional topographic-migration scheme Lehmann

and Green (2000) for mapping various horizontal to moderately dipping structures

and the combined SBTM and morphology approach for identifying steeply dipping

fracture zones. The conventional topographic-migrated data contained images of:

1. the boundary between the surficial sediments and underlying bedrock

2. two shallowly southwest-dipping reflectors that likely represented examples of

a foliation-parallel fracture/fault system

3. a moderate east-dipping reflector that could be traced to the surface location

of a north-south trending open fracture zone

4. several strong diffractors situated directly below a second north-south trending

open fracture zone

Our combined SBTM and morphology approach allowed us to delineate:

1. a strongly diffracting surface that coincided with the moderate east-dipping

reflector observed in the topographic migrated images

2. sequences of steely dipping east-west and north-south trending high semblance

planes that probably corresponded to fracture zones

Some of these high semblance planes projected to open fracture zones or promi¬

nent surface lineaments observed on aerial photographs.

We stress that, the SBTM scheme is only capable of detecting structures that

generate georadar diffractions; it, is unlikely to reveal the presence of smooth pla¬

nar fractures unless they interrupt the continuity of other features. Nevertheless,

the combined SBTM and morphology approach may be useful for resolving a wide

range of other problems that, involve seeking information on anomalous subsurface

features; many disturbances in the shallow underground generate diffractions rather

than reflections in georadar data. As examples, the new approach may be helpful
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in various archaeological and forensic investigations, landmine detection (Alii et al,

2004), mapping weakened zones underlying roads and railway tracks, and identify¬

ing major heterogeneities in civil engineering projects. The SBTM scheme can be

applied to 2-D and 3-D data sets and can be easily adapted to account for varying

antenna separations used in multi-offset georadar surveying. We suggest that SBTM

is an interesting tool for a wide range of georadar applications.

A promising alternative coherency measure to semblance is the normalized cross-

correlation (Neidell and Taner, 1971), which is independent of the relative ampli¬

tudes and accordingly is not sensitive to the scaling of the data (see Appendix B).

Unfortunately, calculations of normalized crosscorrelation are very time consuming,

such that a migration scheme based on this coherency measure is currently imprac¬

tical for large data volumes.
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4.1 Abstract

As transport routes and population centers in mountainous areas expand, risks

associated with rockfalls and rockslides grow at an alarming rate. As a consequence,

there is an urgent need to delineate mountain slopes susceptible to catastrophic

collapse in a safe and non-invasive manner. For this purpose, we have developed a

3-D tomographic seismic refraction technique and applied it to an unstable alpine

mountain slope, a significant segment of which is moving at a rate of 0.01 — 0.02

m/year towards the adjacent valley floor. First-arrivals recorded across an extensive

region of the exposed gneissic rock mass have extraordinarily low apparent velocities

at short (0.2 m) to long (> 100 m) shot-receiver offsets. Inversion of the first-

arrival traveltimes produces a 3-D tomogram that reveals the presence of a huge

volume of very low quality rock with ultra-low to very low P-wave velocities of 500 —

2700 m/s. These values are astonishingly low compared to the average horizontal

68
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P-wave velocity of 5400 m/s determined from laboratory analyzes of intact rocks

collected at the investigation site. The extremely low field velocities likely result

from the ubiquitous presence of dry cracks, fracture zones, and faults at a wide

variety of scales. They extend to more than 35 m depth over a 200 x 150 m area

that encompasses the mobile segment of the mountain slope, which is transected

by a number of actively opening fracture zones and faults, and a large part of the

adjacent stationary slope. Although hazards related to the mobile segment have

been recognized since the last major rockslides affected the mountain in 1991, those

related to the adjacent low quality stationary rock mass have not.

4.2 Introduction

Unstable mountain slopes are a serious hazard in populated regions of many coun¬

tries (Crozier and Glade, 2005). As examples, the 1806 Goldau (Heim, 1932),

1868 Elm (Cooke and Doornkamp, 1990), 1963 Vajont (Müller, 1968), and 1987

Val Pola (Govi and Gullà, 2002) rockfalls and rockslides caused heavy damage and

numerous fatalities in the Swiss and Italian Alps. The 1903 Frank rockslide in

the southeastern Canadian Cordillera was equally disastrous (Gerrard, 1988) and

the 1970 Huascarân event (Plafker et al, 1971) in the Peruvian Andes was the

planet's most catastrophic movement of rock and ice. Rapid population growth in

mountainous regions and global warming and associated increases in the number

of exceptional weather events are likely to exacerbate the risk of devastating rock

failures (Haeberli, 1998). Accordingly, there is a need to implement suitable miti¬

gation measures in the form of early warning systems and protective barriers. To

design effective barriers, comprehensive knowledge of the locations and volumes of

unstable rock is essential.

Landslides, the displacements of which are concentrated along distinct sliding

planes, can usually be characterized with the help of standard 2-D geophysical tech¬

niques (McCann and Forster, 1990; Hack, 2000). Results of successful geophysical

investigations of landslides based on isolated or relatively sparse 2-D profiles are

reported by Bruno and Marillier (2000), Cummings (2000), Havenith et al (2000),

Jongmans et al (2000), Schmutz et al (2000), and Bichler et al (2004). These au¬

thors apply various combinations of seismic refraction, seismic reflection, electrical

resistivity, self-potential, and electromagnetic profiling methods for determining the

geometries of the failure planes and volumes of unstable rock.

For highly fractured unstable crystalline rock without dominant sliding planes,
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the internal processes responsible for catastrophic rock failure are complicated (Hud¬

son, 1992; Erismann and Abele, 2001; Eberhardt et al, 2001). Because movements

of crystalline rock may be unevenly distributed over numerous discrete blocks, in¬

formation on the block-bounding fracture and fault networks is crucial for under¬

standing slope instabilities and for estimating unstable rock volumes (Willenberg,

2004). The inherent 3-D nature of unstable crystalline rock usually makes the ap¬

plication of sparse 2-D geophysical profiling techniques unsuitable, such that the

characterization of the slope instabilities are often based on the results of geological

mapping, sparse borehole measurements, geodetic observations, and the extrapola¬

tion of data provided by one or more of these three methods. These approaches are

likely to supply only limited knowledge on the geology and mechanical properties

of the subsurface. To address this issue, high-resolution geophysical techniques for

the comprehensive volume surveying of unstable mountain slopes distinguished by

rugged terrains are required (Dussauge-Peisser et al, 2003).

We have developed a 3-D tomographic seismic refraction technique and employed

it for determining the P-wave velocity structure of a highly fractured mountain slope

close to the village of Randa in the Matter Valley of Switzerland (Figure 4.1). Similar

3-D tomographic techniques have been applied in investigations of colluvial wedges

along seismically active faults (Morey and Schuster, 1999), regions of archeological

interest (e.g., Polymenakos et al, 2004), and a fractured granitic body (Marti et al,

2002). Although the tomographic images of Marti et al (2002) did not resolve

individual fractures, they did identify regions of low seismic velocity that outlined

zones of altered rock associated with the fractures.

After reviewing briefly the rockfall history, geology, and other critical data re¬

lated to the Randa investigation site, we describe a simple seismic-velocity-based

scheme for classifying rock quality. We then present our seismic data acquisition

strategy and tomographic inversion techniques. Important information on the ve¬

locity structure beneath the unstable mountain slope is provided by the 2- and 3-D

tomograms, but only the 3-D tomogram provides a fully consistent pattern of sub¬

surface velocities and details on the lateral extent of certain key features. Finally,

we suggest, that, a broad zone of ultra low to very low P-wave velocities probably

defines a highly fractured region of rock that extends well beyond the boundaries of

unstable rock inferred from surface geological mapping and geodetic observations.
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4.3 Randa investigation site

4.3.1 The 1991 Randa rockfall events

Two major rockfalls in the Spring of 1991 resulted in the dislocation of 30 million m3

of crystalline rock and the formation of a steep-sided debris cone (Figure 4.1) that

destroyed several holiday apartments and barns close to the village of Randa and

blocked the main road and railway track connecting the Rhône valley to the major

tourist resort of Zermatt (Schindler et al, 1993; Satori et al, 2003). Damming

of the Visp River by the debris cone led to flooding in upstream regions of the

valley, including parts of Randa. Fortunately, there were no fatalities. Continued

displacements at numerous fracture zones and faults suggest that ~ 2.5 million m3

of the remaining rock mass is moving slowly to the southeast (Figure 4.2; Eberhardt

et al, 2001).

4.3.2 Relevant research activities at Randa

A geodetic network (see black and blue dots that mark reflector locations in Fig¬

ure 4.2) that, provides estimates of absolute surface displacement was installed im¬

mediately after the 1991 rockfalls (Jaboyedoff et al, 2004), and over the past few

years we have been involved in a multidisciplinary project aimed at improving our

understanding of rock failure at Randa (Eberhardt et al, 2001). Three moderately

deep boreholes (SB50N and SB50S - 50 m deep; SB120 - 120 m deep; blue dots

in Figure 4.3) were drilled into a block of relatively intact rock within the central

part of the unstable slope. It is in this general region where the greatest surface

displacements were observed. After geologically and geophysically logging the bore¬

holes and conducting a variety of crosshole and hole-to-surface geophysical surveys,

the boreholes were equipped with inclinometers, extensometers, time-domain reflec-

tometry cables, and 3-component seismometers. Nine 3-component seismometers

were also permanently installed at, shallow depths (0.5 — 5.0 m deep) across the

mountain slope (green dots in Figure 4.3). In addition to the geological mapping of

Willenberg (2004), surface-based georadar measurements have provided details on

the distribution of fracture zones and faults to depths as great as 30 m (see Chap¬

ters 2 and 3). P-wave seismic velocities of dry rock cores measured under varying

hydrostatic pressures provided velocity estimates of the intact rock matrix.
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Figuie 4 1 The investigation site is located on an unslable mountain slope above the

scarp of the 1991 Randa lockfall m the Swiss Alps fnset shows the location ot Randa

within Switzerland

4.3.3 Topographic relief

Our investigation site is situated ^ 50 m noithwest of the 1091 rockfall scaip It

lies above the tree line at elevations of 2285 - 2450 m The topography is extiemely
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Figuie 4 2 Geological map of the investigation site and its surroundings Locations of

the seismic piohles aic shown by clashed led lines Major suifacc fracture zones and faults

and associated lineaments (A b within the investigation site ) aie delineated by solid black

lines The 1991 rockfall scaip is outlined by t he dashed black line and the late lal e xle nt of

the presently unstable rock mass according to Willenberg (2004) corresponds to the gray

shaded area Black dots show reflector positions of the long term geodetic monitoring

system that aie moving, wheieas the blue dots show lefiector positions that are currently

stationary The digital e le vation model (contours arc meteis above sea level) was provide d

by the Centre de Recheiche sut I'Envnomirent ALPm (("REAL?)

nigged, with various parts of the mountain slope dipping 20 — 30° to the northeast

east and southeast (Figuies 4 2 and 4 3) Although crystalline rock is exposed ovei

most of the site, some logions aie covet ce] by a thm layei of moiamr and slope debus

(maximum thickness of a few meteis) and low-lying vegetation and pastme
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4.3.4 Rock lithologies and fracture/fault distribution

The geological map in Figure 4.2 is simplified from Willenberg (2004). It is based

on the numerous rock outcrops, information derived from the three boreholes, and

analyzes of aerial photographs. Three principal types of gneiss are recognized in the

general area of the investigation site: (i) chloritic gneiss with schists, (ii) medium-

grained feldspar-rich gneiss with intercalations of so-called Randa augengneiss, and

(iii) heterogeneous gneiss. Their foliation dips west-southwest with an inclination of

20 - 25°.

A network of open fracture zones and faults can be seen at outcrops above and on

the rockfall scarp (Figure 4.2; Willenberg, 2004). In areas covered by moraine and

debris, lineaments on aerial photographs allow many of the fracture zones and faults

to be interpolated or extrapolated over relatively long distances (e.g., 30 to several

hundred meters). Three subsets of fracture zones and faults with different dominant,

orientations have been recognized (Willenberg, 2004); some of these were intersected

by the boreholes. One subset dips at shallow angles to the southwest, parallel to

the bedrock foliation. The other two are mostly steep dipping (i.e., 25 — 90°). One

strikes north-south with easterly dips (e.g., B-E in Figure 4.2) and the other strikes

northeast-southwest with northwesterly dips (e.g., A and F-L in Figure 4.2). It is

the steep-dipping fracture zones and faults that, likely define the instability of the

mountain slope (Willenberg et al, 2002b).

4.3.5 Movements of the rock mass

Repeat geodetic measurements demonstrate that the mountain slope close to the

1991 rockfall scarp is moving to the southeast at a maximum rate of 0.01 — 0.02

m/year, with values decreasing in a northwesterly direction (Figure 4.2; Jaboyedoff

et al, 2004; Willenberg, 2004). The base of borehole SB120 is moving ~ 0.01 m/year

faster than the top. Movements at the surface and in the boreholes appear to be

localized across active fracture zones and faults with opening rates of 0.001 — 0.003

m/year.

4.3.6 Rock velocity measurements

Samples of unfractured rock from fifteen large diameter cores retrieved from shallow

boreholes at Randa were subjected to P-wave velocity analyzes in the laboratory.

Three small diameter cores were extracted from each large core: one parallel to

the foliation in the downdip direction [xi], one parallel to the foliation in the strike
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direction [1E2], and one perpendicular to the foliation [x3]). Velocities of the core

samples under atmospheric pressures were relatively low, ranging from an average

of 4900 m/s (x!-oriented cores) through 4300 m/s (.ivorientcd cores) to 2600 m/s

(x3-oriented cores). The lowest values in the X\/x2 and x3 directions were 3000

m/s and 1300 m/s, respectively. Velocities similar to those observed in the Xi/x2

directions were recorded on the SB50S and SB50N borehole sonic logs.

It, is well known that the core extraction process creates microfractures in the

rock samples (Simmons et al, 1975), such that, the unusually low velocities and asso¬

ciated high porosities may not be meaningful. Consequently, velocities of six suites

of dry core samples were measured under increasing hydrostatic pressure conditions.

At the lowest hydrostatic pressure of 20 MPa (equivalent to depths of 500-600 m),

the average velocity of cores oriented in the xi/x>2 directions increased to 5400 m/s

and the average of cores oriented in the £3 direction attained a value of 4700 m/s,

corresponding to an average anisotropy of 13%. At 500 MPa, these average veloc¬

ities increased to 6500 and 6100 m/s, representing a markedly decreased average

anisotropy of only 6%. Our laboratory-determined velocities at, atmospheric and

higher pressures are within the range of gneissic rock velocities determined by Kopf

(1977); Gebrande et al. (1982), and Jahns et al (1994).

The relatively high velocities measured at pressures > 20 MPa suggest that min¬

erals in the near-surface rocks have not been greatly altered by weathering processes.

4.4 Seismic Rock Quality Designation (SRQD)

Various parameters are used to describe rock quality in civil and geotechnical engi¬

neering. One simple classification scheme based on borehole core analyzes is the rock

quality designation (RQD). It is defined as the cumulative length of intact pieces of

core longer than 0.1 m represented as a percentage of the total length of the relevant

portion of borehole (Deere et al, 1967; Deere and Deere, 1988). Deere et al (1967)

and others classify the quality of rock with RQD values equal to 0 — 25% as very

poor, 25 — 50% as poor, 50 — 75% as fair, and 75 — 100% as good to excellent. RQD

was originally introduced as a means to identify the rock quality in tunneling appli¬

cations, but it is also used for studies of slope instabilities (Hack, 2000). Although

there arc a number of problems with the RQD classification scheme (Hack, 2002),

it is employed worldwide.

Observational data suggest that RQD is related to field and laboratory seismic

measurements as follows (Deere et al, 1967; Hack, 2000):
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SRQD = ( Vfield ) x 100% (4.1)
V v laboratory J

where we use SRQD to emphasize that these RQD values are based on seismic

velocities, V^e\^ are field-based P-wave velocities, and Viat,oratory are laboratory-based

velocity measurements of intact samples of rock. For Randa, we set Viaboratory ~ 5400

m/s, the average velocity of dry core samples in the X\jx2 directions measured under

a hydrostatic pressure of 20 MPa. To identify regions of ultra-poor and very poor

quality rock, we highlight occurrences of ultra-low velocities (< 1500 m/s; SRQD:

< 8%) and very low velocities (1500-2700 m/s; SRQD: 8-25%) in representations

of our 3-D tomogram.

4.5 Data acquisition

The seismic survey was designed to cover accessible parts of the unstable rock mass

as determined by the geologic and geodetic data and large regions of the presumed

stable mountain slope (Figures 4.2 and 4.3). The primary layout comprised eight

profiles, of which five were parallel (Ql to Q5) and three were perpendicular (HI

to H3) to the general downslope direction. Shot and receiver spacings along the

126 — 324 m long profiles were 4 and 2 m, respectively (Table 4.1). By using seven 24-

channel GEODE recording systems we were able to deploy receivers along the entire

length of each profile. To avoid damaging the sensitive high alpine environment

and possibly increasing mountain slope instability, the shot charges were limited

to 5-50 g. Ray coverage between the profiles was provided by 251 off-line shots

(Figure 4.3). Furthermore, all in-line and off-line shots were recorded by the three

deep borehole and nine near-surface 3-component receivers. Together, the profiles

and off-line shots and receivers yielded moderately good aerial coverage of the entire

investigation site (Figure 4.4).

Since the site could not be accessed by motorized vehicles, equipment was trans¬

ported from the valley floor to the investigation site by helicopter. Moreover, data

acquisition was complicated by the rugged terrain; elevations varied by 50-125 m

along the lengths of most profiles. A four-person crew required two months to

acquire the data.

In the following, the origin of our coordinate system is the top of borehole SB 120

(2356 m above sea level) and the x- and y-axes are parallel to the Q and H profiles,

respectively.
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Profile Profile length
[m]

Shot spacing
[m]

Rec. spacing
[m]

Nr.of

inline

shots

Nr.of inline

receivers

Nr.of

traces

Nr.of

picks

H1 126 4 2 29 64 1856 1402

H2 324 4 2 77 up to 163 12095 5217

H3 315 4 2 71 159 11289 5582

Q1 238 4 2 57 120 6840 3102

Q2 238 4 2 57 120 6840 2805

Q3 238 4 2 55 120 6600 3940

Q4 238 4 2 59 120 7080 5012

Q5 238 4 2 59 120 7080 4008

Offset shots 251 30771 15158

Permanent receivers 12 8580 6374

Total 715 998 99031 52600

Areal extent of the

investigation area: 250 x 250 m

Recording systems: Geometries Géodes

Sampling rate: 0.8 ms

Source type: Dynamite

Charges: 5-50 g

Table 4.1: Acquisition parameters used for the seismic survey.

4.6 Data quality

Due to the highly variable surface conditions and the small shot charges, the data

quality ranges from poor to very good (see the typical shot gathers in Figure 4.5 and

in Figure E.l of Appendix E). Maximum offsets at which the first-arrival times can

be unambiguously picked rarely exceed ~ 200 m. In the shot gather of Figure 4,5b,

the conspicuous loss of high frequencies and significant delay of first arrivals near

x — —51 m are evidence for significant lateral and depth variations in the physical

properties of the rocks. These abrupt changes are most likely caused by attenuation

and delays of the seismic energy as it passes through the open fracture zones B and

C and adjacent altered rock (Figures 4.2 and 4.3).

The highly variable nature of the seismograms precluded the use of automatic

picking algorithms. From the total 99,031 seismograms, we were able to pick man¬

ually 52,600 first-arrival times (Table 4.1) with an accuracy of 1-4 ms.
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625 500 625 750

x Shots

C Geophones

• Permanent seismic stations

• Boreholes (50 m (SBSON and SB50S) and 120 m (Sbl20) depth)
equipped with 3-component seismic receivers

X Shot positions of gathers shown in Fig. 4

Figure 4.3: Geometry of the seismic survey. Black crosses and red circles show the source

and receiver locations, which are mostly arranged along 8 profiles approximately parallel

(Q1-Q5) and perpendicular (H1-H3) to the mountain slope. Additional source locations

are situated alongside: the profiles. Green dots indicate: the positions of 9 permanent

receivers deployed in shallow holes. Blue clots identify receivers deployed in boreholes

SBSON, SB50S, and SBf20 at depths of 42.7 m, 43.2 m, and 113.0 m, respectively. Con¬

tours are meters above sea-level. Shot gathers presented in Figure 4.5 were generated by

shots located at the two purple crosses.
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Figure 4.4: Top view of the raypath distribution for the final 3-D tomogram (after 10

iterations).

4.7 Traveltime tomography

Tomographic inversion of traveltimes is now a relatively standard procedure (Nolet,

1987). It requires an initial input model, a forward solver to predict traveltimes

and raypaths, an appropriate regularization scheme, and a solver for the inversion

problem. Finally, the quality of the tomograms must be estimated.

4.7.1 Initial model

Our input model had a velocity of 1200 m/s at, the surface and a constant linear

gradient of 15 s_1. Above the surface, the velocity was fixed to 300 m/s. Several

tests (e.g., Lanz et al, 1998) demonstrated that the input velocity and velocity

gradient, were not, critical; a variety of different input models produced comparable
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Figure 4.5: Examples of shot gathers from profiles (a) H2 and (b) Q3 (for locations of

the relevant shots see purple crosses in Figure 4.3). Both gathers are plotted with a 3000

m/s reduction velocity. Black triangles indicate the shot locations, solid red lines show

the first-arrival picks, and red arrows with letters mark the positions of surface fractures.

Elevations of receivers relative to the top of borehole SB120 are displayed above the seismic

records. Additional shot gathers are shown in Figure E.l of Appendix E.

results.

4.7.2 Forward problem

Solution of the 2-D forward problem was achieved using the procedure described

by Lanz et al (1998). The algorithm proposed by Podvin and Lecomte (1991) was

employed for the 3-D traveltime computations, arrd the steepest descent method of

Aldridge and Oldenburg (1993) was used to construct the 3-D raypaths. For both

the 2- and 3-D forward solvers, the lengths of cell boundaries were uniformly 1.5 m.

4.7.3 Regularization

Following Lanz et al. (1998), we accounted for underdetcrmined components of the

inversion problem by using damping arrd smoothing constraints. The following sys¬

tem of equations had to be solved:
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where the matrix t contains the observed traveltimes, L is the Jacobian matrix

that includes the traveltime derivatives, h and D are the regularization constraints,

and the matrix s contains the slowness estimates. Relatively low levels of damping

and smoothing produced stable results for all 2- and 3-D tomographic inversions;

the inversion schemes were controlled 5% by the damping, 20% by the smoothing

and 75% by the data.

4.7.4 Inverse problem

Since the matrix of the right-hand side of equation 4.2 is extremely sparse, the

system of equations can be suitably solved with the LSQR algorithm proposed by

Paige and Saunders (1982). For the 2- and 3-D tomographic inversions, cell sizes of

3 x 3 m and 4.5 x 4.5 x 4.5 in, respectively, proved to be suitable.

4.7.5 Quality appraisal

It is important to be able to distinguish between well resolved and poorly resolved

features in the tomograms. We illustrate our approach for estimating the reliability

of an inversion by analyzing the 2-D tomogram derived from profile Q4 data (Fig¬

ure 4.6a). Figure 4.6b demonstrates that only the upper 12-50 m of ground beneath

the undulating surface is sampled by rays of the final Q4 tomogram. Clearly, ve¬

locities in regions of the tomogram not sampled by rays in the final model are not

resolved by the first-arrival traveltime data. It is noteworthy that the maximum

depth of resolved velocities varies markedly along the length of the profile.

Ray coverage provides only partial information about, the spatial resolution.

Some rays near the bottom of the sampled region in Figure 4.6b are subparallel,

suggesting that the raypaths are controlled by a strong velocity gradient roughly

perpendicular to the surface topography. Although such a ray pattern provides

good resolution perpendicular to the raypaths, it suffers from poor resolution par¬

allel to them. A measure of resolution that accounts for the angular coverage of the

rays is required. We employ the ray density tensor (Kissling, 1988) for this purpose.

For each cell, the ray segments are inserted into an n x 2 (for 2-D tomography)

or n x 3 (for 3-D tomography) matrix M, where n is the number of ray segments

within a particular cell, and the columns contain the components of the individual

segments. The eigenvectors and eigenvalues of the matrix MTM describe the prin¬

cipal axes of an ellipse (2-D) or ellipsoid (3-D) that reflect the angular distribution

of the ray segments. The ratios of smallest to largest, eigenvalues are then measures
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of resolution, whereby ratios of 1 indicate uniform angular distributions and ratios

of 0 are diagnostic of parallel rays. Figure 4.6c shows the distribution of eigenvalue

ratios for profile Q4. It demonstrates that velocities are generally well resolved in

those parts of the tomogram sampled by rays. Exceptions are the lower regions

where the raypaths are mostly subparallel to each other.

To emphasize the well-resolved regions of the tomogram, we use a semi-

transparent mask to cover those parts of the tomogram not sampled by rays, and

to highlight the most significant variations in velocity we limit the color scale to

500 — 3800 m/s (velocities < 500 m/s are blue and velocities > 3800 m/s are rcddy

brown). The final representation of the Q4 tomogram is displayed in Figure 4.6d. It

reveals a clear lateral transition from relatively high to low velocities near x = —75

m. According to the ray coverage in Figure 4.6b, the base of the lowest velocity

region is relatively well constrained, but the eigenvalue ratios in Figure 4.6c indicate

that lateral resolution within the basal part, of the low-velocity region is poor.

4.8 Results from the 2-D tomographic inversions

4.8.1 2-D tomograms

The final 2-D tomograms and depth projections of fracture zones and faults A-L (see

Figure 4.2) are displayed in Figure 4.7. Profile HI, which trends perpendicular to

the dominant slope direction, is quite short (126 m), such that the depth penetration

of rays to the surface receivers docs not exceed 25 m. The highly variable velocity

structure beneath this profile is not surprising, since it is located close to the rockfall

scarp (Figures 4.2 and 4.3). Profiles H2 and H3 are much longer (324 and 315 m),

thus providing velocity informâtion to depths > 50 m in their central regions. In the

tomograms of both profiles, large zones distinguished by remarkably low velocities

of 500 — 2700 m/s are juxtaposed against blocks of rock with higher velocities. It is

noteworthy that, most of the extrapolated fracture zone and fault traces lie within

regions that have ultra-low velocities below 1500 m/s.

Similar zones of very low velocity adjacent to higher velocity blocks are seen in

the tomograms for the slope-parallel profiles Q1-Q5 (Figure 4.7), all of which are

238 m long (Table 4.1). The lateral extent of the ultra-low-velocity zones decreases

uniformly from profile Ql (^ 130 m) to Q5 (~ 50 in). Again, most of the fracture

zones and faults occur within the ultra-low-velocity zones.

Our 2-D tomograms delineate a significant volume of very low velocity crystalline

rock. To image better the aerial extent of very low velocity material, Figure 4.8a
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Figure 4.6: (a) 2-D tomogram for profile Q4. Surface and borehole receiver positions! are

identified by small white circles and blue dots, respectively, (b) As foi (a) but with ray

coveiagc for the final 2-D tomogram. (<•) Ratios of smallest to largest eigenvalues of t he lay

density tensors, (el) As for (a) but with the color scale limited to ,r>00 - 3800 m/s (values
< 500 m/s aie blue and those > 3800 m/s are1 redely brown) and regions characterized by

poor resolution covered by a semi-transparent mask. The z coordinates are relative to the

top of borehole SRI 20. For shot locations see Figure 4.3.

shows a plan view of velocity values observed in the 2-D tomograms at 15 m depth

below the surface. Evidently, ultia-low to very low velocities extend over much of

the eastern volume of rock sampled by our seismic profiles.

4.8.2 Inconsistencies between the 2-D tomograms

In aieas characterized by very high lateral velocity contrasts and anisotropy, it is

appropriate to question the use of 2-D isotropic tomographic approaches; first ar-

living eneigy may tiavel along lay paths that deviate substantially from the planes

containing the profiles. One means of assessing the significance of these issues is to

cornpaie velocity-depth functions extracted fiom crossing profiles at their interscc-
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Figuie 4 7 2-D tomogiams for all profiles (see- also Figure 4 3) Most det ails are explained

in the caption to Figuie 4 6 White arrows show the mteisection points of riossmg pro¬

files Solid black lines delineate- fractuic zones c-xtrapolated horn the suiface to depth,

whcieas dashed black lines aie the extiapoldled projections of neaiby fracture /ones into

the- cioss-sections RMS is the loot-mean semaie difference between the tomographic -

model predrcted and observed tiavertîmes
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tion points. Close inspection of Figure 4.8 demonstrates that only 8 of the 14 pairs of

coincident velocity values at 15 m depth are the same to within ~ 20%. We explore

this further by analyzing the two pairs of coincident velocity-depth functions shown

in Figure 4.9. Velocity-depth functions obtained from profiles H2 and Ql at their

intersection point differ markedly (Figure 4.9b), whereas those of profiles H3 and Ql

oscillate about a common trend (Figure 4.9c). These differences and similarities are

consequences of the differences and similarities of the first-anival traveltime curves

recorded along the pairs of intersecting profiles. A shot detonated at the intersection

of profiles H2 and Ql generates quite different traveltime curves along the respective

profiles (Figure 4.9a), whereas a shot detonated at the intersection of profiles H3

and Ql generates very similar traveltime curves in the two directions (Figure 4.9d).

There are at least three explanations for the velocity mismatches at some profile

intersections: (i) mineral anisotropy related to the foliation of the crystalline rocks,

(ii) macroscopic anisotropy caused by the fracture zones and faults, and (iii) strong

velocity gradients perpendicular to the profiles (i.e., 3-D heterogeneity associated

with the fracture zones and faults). The foliation-related anisotropy revealed by

velocity measurements on the core samples cannot explain the mismatches. On

average, this anisotropy is ^ 13% at 20 MPa, with velocities higher in the folia¬

tion plane than perpendicular to it. Instead, the distribution of very low velocities

in Figures 4.7 and 4.8 suggests that macroscopic anisotropy and 3-D heterogene¬

ity associated with fracture zones and faults are the dominant effects. We have

neither sufficient data nor an appropriate computer code to account for the effects

of macroscopic anisotropy beneath our investigation site. In the following, we at¬

tempt to estimate the influence of 3-D velocity heterogeneity, but acknowledge that

macroscopic anisotropy may influence the results somewhat.

4.9 Results from the 3-D tomographic inversions

4.9.1 Sensitivity test

To estimate the resolving power of our 3-D experimental procedure, we conducted a

sensitivity test based the source-receiver configurations shown in Figures 4.2 and 4.3

and a model that resembled the velocity structure at the Randa investigation site

(see also Dussauge-Peisser et al (2003)). Synthetic noise-free traveltime data gener¬

ated from this model were inverted using our 3-D tomographic inversion scheme. As

shown in Appendix D, the results of this test demonstrate that under favorable con¬

ditions our source-receiver configuration is suitable for delineating major structures
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from the surface to depths of ^ 50 m.

4.9.2 Comparison of the 2- and 3-D inversion results

To compare the results of the 2- and 3-D approaches as applied to the Randa first-

arrival data, we have extracted from the 3-D tomogram: velocity-depth functions at

the selected intersections of the 2-D profiles (Figures 4.9a and 4.9c), cross-sections

that coincide with all 2-D profiles (Figure 4.10), and velocity values within these

cross-sections at 15 m depth below the surface (Figure 4.8b). The velocity-depth

functions based on the 3-D tomogram lie between those derived from the respective

2-D tomograms in Figures 4.9a and 4.9c, and the traveltimes predicted by the 3-

D tomogram match the observations almost as well as those predicted by the 2-D

tomograms (Figures 4.9b and 4.9d). As indicated in Figure 4.7, the root-mean-

square (RMS) differences between traveltimes based on the 2-D tomograms and the

observations range from 2.5-4.0 ms. For the 3-D tomogram, the RMS difference is 5.2

ms, which is only slightly above the estimated picking accuracy. Considering that the

3-D model should be a more realistic approximation to the true subsurface structure

than the 2-D tomograms, one might have anticipated a lower RMS difference. We

suspect that the slightly higher than expected RMS difference is due to the effects of

macroscopic anisotropy and the relatively large cell size (4.5 x 4.5 x 4.5 m) employed

for the 3-D inversions.

The general patterns of low and high velocity values in the cross-sections of

Figure 4.10 are similar to those in the 2-D tomograms of Figure 4.7, but the overall

depth penetration is somewhat larger in the former. It is noteworthy that the

estimated trends of several fracture zones and faults coincide more closely with

velocity minima in the extracted cross-sections than in the 2-D tomograms (e.g.,

El, E2, and J beneath profile HI, A, and F beneath profile H3, D beneath profile

Q2, A beneath profile Q3, and B beneath profile Q4).

Inconsistencies of velocities at the intersection points of crossing profiles in Fig¬

ure 4.8a are not seen in Figure 4.8b. However, it is noteworthy that the general

distributions of high and low velocities at, 15 m depth are alike in the 2- and 3-D

tomograms. Both figures show a broad zone of crystalline rock with ultra-low to

very low velocities juxtaposed against, blocks of rock with higher, but still quite low

velocities.
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Figuie 4.8: (a) P-wave velocities extracted from the 2-D tomograms (Figure 4 7) at 15

m depth and depth-extrapolated positions of fracture zones and faults A-L (Figure 4.2).
The velocity-depth relationships and traveltime curves in Figure 4.9 are associated with

the regions marked by the red circles, (b) P-wave velocities at 15 m depth extracted from

the 3-D tomogram along all profiles. All other details arc as for (a).
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Figure 4.9: Velocity-depth functions extracted from the 2- and 3-D tomograms at the

intersection of profile Ql with profiles (a) H2 and (c) H3 (for locations see Figure 4.8).

(b) and (d) Observed (circles) and predicted (red lines = profile Ql; blue lines = profiles

H2 and H3) traveltimes for shots generated at the intersections of profile Ql with profiles

H2 and H3, and receivers deployed along the respective profiles. Solid lines arc based on

the 2-D tomograms, whereas the dashed lines are based on the 3-D tomogram.

4.9.3 Velocity distribution based on the 3-D tomogram

Aerial distributions of velocities at 5 m depth intervals below the surface are pre¬

sented in Figure 4.11. Only those cells sampled by at, least 3 rays are displayed.

The corresponding eigenvalue ratios in Figure 4.12 suggest that the velocities are

relatively well resolved to ~ 30 m depth. Below this level, the rays in each cell are

roughly parallel to each other, such that only the broad-scale and some elongated

features are likely to be meaningful.

Ultra-low velocities can be traced through the entire depth range of the well-
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resolved regions of the tomogram (Figures 4.10 and 4.11). Furthermore, despite the

rather limited ray coverage below 30 m depth, there is clear evidence for ultra-low

velocities extending to depths as great as 40 m and very low velocities continuing

at some locations to the base of the surveyed volume near 50 m depth. The depth

slices indicate a high degree of heterogeneity throughout the investigated rock mass.

Within the broad zone of ultra-low to very low velocities there are blocks of higher

velocity material and within the volume of generally higher velocities there are bands

of ultra-low to very low velocity rock.

4.9.4 Reliability of the anomalously low velocities

Considering the abrupt lateral changes seen in many Randa shot gathers (e.g., Fig¬

ure 4.5), it is feasible that the nature of the seismic energy changes as it crosses

some major fracture zones and faults. For example, direct and refracted P-waves

absorbed at large open fracture zones may be replaced at longer distances and at

later times by P-waves generated as a result of Rayleigh- to P-wave conversions at

the same discontinuities. These effects are not, taken into account in first-arrival

traveltime tomography. On the other hand, we see first arrivals propagating with

ultra-low to very low apparent velocities directly from all shots detonated across a

broad zone of the mountain slope (Figure 4.8). Since first arrivals with anomalously

low apparent velocities are observed uninterrupted from the shot points to distances

in excess of 100 in (e.g., Figures 4.5a, 4.9b, 4.9d, and E.l), there is little doubt that

such velocities extend to considerable depths. Moreover, independent support for

the existence of anomalously low velocities to a depth of at least 30 m is provided by

stacking velocity analyzes of reflections recorded on profile H2 data (Leahey, 2003).

A velocity of 850 ± 100 m/s is required to stack a 60 m long band of reflections at

traveltimes of 40-70 ms.

It, is not possible to account quantitatively for the influence of macroscopic

anisotropy and the effects of strong P-wave absorption and mode conversions at the

major fracture zones and faults. Nevertheless, the general distribution of anoma¬

lously low velocities portrayed in Figures 4.10 and 4.11 is likely to be a reasonable

first-order approximation to the actual situation in the subsurface.

4.10 Interpretation

To aid the interpretation of the tomograms, Figure 4.13a shows the depth-

extrapolated locations of surface fracture zones and faults plotted on a map of
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velocities at 15 m depth, and Figures 4.13b and 4.13c show these features superim¬

posed on maps portraying the thicknesses of cover material and rock with velocities

< 1500 and < 2700 m/s, respectively. At locations where the depth penetration of

seismic energy is limited (Figure 4.10), the thicknesses shown in Figures 4.13b and

4.13c are minimum estimates. The extent of mobile rock determined from geodetic

measurements is also outlined in Figures 4.13a-4.13c.

Figures 4.13a and 4.13b show ultra-low velocities extending through a large vol¬

ume beneath the investigation site, with velocities < 1500 m/s being observed to

depths of at least 25 m. Very low velocities of 1500-2700 m/s are observed extending

to various depths across the entire surveyed area (Figure 4.13c).

4.10.1 Source of the anomalously low velocities

Numerous theoretical studies and laboratory and field investigations demonstrate

that cracks, fractures and faults have a major influence on the elastic properties of

crystalline rock (Simmons and Brace, 1965; Walsh, 1965; Deere et al., 1967; Deere

and Deere, 1988; O'Connell and Budiansky, 1974; Simmons et al, 1975; Pratt, et al,

1977; Hudson, 1981, 1990; Guéguen and Schubnel, 2003). The presence or not of

water also plays an important role, with the lowest velocities being measured on dry

crystalline rock samples (Nur and Simmons, 1969).

Although highly weathered crystalline rock may be characterized by ultra-low to

very low velocities at shallow depths (see compilation in Hack (2000), to our knowl¬

edge, deep penetrating zones of such anomalously low velocity crystalline rock have

only ever been recorded across unstable or potentially unstable mountain slopes. On

the granitic hillslope above the Anancvo rockslide in Kyrgyzstan, velocities of 900

m/s were determined to extend to 35 m depth (Havenith et al, 2002), and similarly

low velocities have been traced to a comparable depth beneath a potentially unsta¬

ble mountain overlooking a Norwegian Fjord (L.H. Blikra, personal communication,

2005). We suggest, that ubiquitous dry cracks, fracture zones, and open faults at a

variety of scales are the only plausible explanation for the anomalously low velocities

observed in the Randa data and tomograms. This interpretation is supported by

the fact that the major fracture zones and faults are concentrated within regions of

ultra-low to very low velocity (Figures 4.10 and 4.13). If this interpretation is cor¬

rect and the Reuss lower bound for averaging elastic module is appropriate (Mavko

et al, 1998), then ^ 17% of the Randa subsurface characterized by velocities of

^ 1500 m/s must be air-filled cracks, fracture zones and open faults. This value is

close to the upper bound of porosities that Schindler et al (1993) estimated for the
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blue linc:s in (b) and (c). Contours are meteis above sea-level.
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detached rock mass at Randa before it collapsed in 1991. They obtained a 7 — 15%

range of porosities based on estimates of the (i) volume of material removed from

the mountain slope, (ii) volume of material contained in the debris fan, (iii) porosity

of the debris fan, and (iv) other more minor factors (e.g., volume of dust spread

over adjacent regions and probable depression of land below the debris fan).

4.10.2 Relationship between SRQD and RQD values at

Randa

To relate the anomalously low P-wave velocities to rock quality, we have marked

SRQD values on the color bars of Figures 4.10, 4.11 and 4.13. If it is appropriate to

use equation 4.1 for these very low velocities, then our data suggest that extensive

volumes of rock underlying the investigation site have SRQD values < 25%.

None of the cores from the shallow boreholes were analyzed in terms of the

RQD classification system of Deere et al (1967) before being broken up for other

studies, and drilling of the three moderately deep boreholes did not produce cores.

Fortunately, information on the degree of fracturing with depth is available from

televiewer logs, which reveal numerous fractures intersecting the boreholes along

their entire lengths (Willenberg, 2004). For example, of the 107 m length of borehole

SB120 logged with the televiewer, only seven sections of ^ 1 m length are fracture

free. Other 1 m-long sections have an average of 2.5 fractures per meter. A number

of these fracture zones are slowly opening. Comparable results are obtained from

the other two boreholes. Despite these observations, by assuming that the rock

between the various fracture zones and faults is intact, the vast majority of RQD

values estimated from the televiewer logs range from 75 — 100%, suggesting that

the Randa rock mass is of high quality! The lowest estimated RQD value in any

borehole is ^ 59%.

Although the relationship between P-wave velocity and rock quality is not well

defined and the value assumed for the velocity of intact rock may be in error by up

to 10%, the ultra-low to very low velocities observed extending to depths > 35 m

are strong evidence for a large volume of low quality rock. In contrast, we judge

that the relatively high RQD values estimated from the borehole televiewer logs do

not represent the quality of rock at the Randa investigation site, cither because the

boreholes are situated within a particularly intact block of rock (their locations were

chosen to be between surface fracture zones and faults), the near-vertical orientations

of the boreholes meant that only a few of the important, vertical fracture zones and

faults were sampled (none of the open fractures with widths of 0.1 — 0.2 m were
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intersected), or the RQD classification system is inappropriate at Randa (see Hack

(2002) for a discussion of problems with the RQD classification system).

4.10.3 Distribution of velocities and SRQD values

Not only is the mobile rock mass characterized by ultra-low velocities (< 1500

m/s; SRQD < 8%), but so too is a large region to the west. Ultra-low velocities

continue to depths of 25 m and greater in a broad northeast-southwest trending

zone (Figure 4.13b). By taking into account the distribution of very low velocities

(1500-2700 m/s; SRQD < 25%), we see that very poor quality rock underlies most

of the investigation site to > 35 m depth in the east and 5 — 10 m depth in the

west, and south. Moderately large blocks of rock with velocities > 3800 m/s (SRQD

> 50%) are only found in the northwest region of the site (Figure 4.11). Even in

this region, isolated bands of lower velocity material interrupt the continuity of the

higher velocity blocks.

Information on the distribution of seismic velocities is limited to the upper ^ 50

m of the mountain slope. The cross-sections displayed in Figure 4.10 suggest that

very low to low velocities (< 3800 m/s; SRQD < 50%) may continue to greater

depths. This possibility is consistent with the numerous fractures, some of which are

presently opening, identified throughout the length of borehole SB120 (Willenberg,

2004).

4.10.4 Velocity lineaments, surface fracture zones and the

rockfall scarp

The broad zone of ultra-low and very low velocities parallels the northeast-southwest

trending edge of the rockfall scarp. In addition, a number of high velocity lineaments

trend in the same direction (Figures 4.11 and 4.13a). Some of these can be followed

through several depth slices in Figure 4.11, including those we have identified as

having a low resolution. The immediately adjacent bands of lower velocity may

delineate scarp-parallel fracture zones. Two of these project to surface fracture

zones G and I. One prominent low-velocity lineament coincides with and appears to

connect surface fractures A and F (Figure 4.13a), yet there is no surface evidence

for a link. It is noteworthy that major surface fracture zones J, K, and L, which are

not well sampled by the 3-D seismic survey, are also subparallcl to the northeast-

southwest trending part of the rockfall scarp.
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4.11 Conclusion

We have recorded a dense seismic data set across a large area that includes an

unstable mountain slope overlooking the busy Matter Valley in the Swiss Alps.

Inversions of first-arrival traveltimes picked from these data revealed a broad zone

of remarkably low seismic velocities that extends well beyond the limits of rock

that is known to be currently moving towards the valley at 0.01 — 0.02 m/year.

Although the broad-scale lateral and depth distributions of ultra-low to very low

velocity gneissic rock were well defined in the 2- and 3-D tomograms, consistent

velocities at the intersections of crossing profiles and several potentially important

lineaments were unique to the 3-D tomogram. Ultra-low velocities < 1500 m/s were

mapped throughout a volume that extended over a 200 x 100 m area and a depth

of ~ 25 m (Figures 4.10, 4.11 and 4.13). Such low velocities in gneissic rock were

extraordinary. To explain such low velocities required ^ 17% of the investigated

volume to be air-filled voids. Many surface fracture zones and faults transected

the broad ultra-low-velocity region, the trend of which paralleled part of the scarp

generated by the pair of 1991 rockfalls. Several prominent linear velocity anomalies

within this region were oriented in the same direction (Figure 4.11). Very low

velocities (1500 — 2700 m/s) increased the area and thickness of highly anomalous

rock to 200 x 150 m and > 35 in, respectively. Ubiquitous dry cracks, fracture zones

and faults were the likely cause of the anomalously low velocities. Consequently, the

large volume of crystalline rock with anomalously low velocities is undoubtedly of

low quality. Consistently high RQD values of > 75% estimated from televiewer logs

recorded in the three moderately deep boreholes are clearly not consistent with this

conclusion, casting doubt on the use of this parameter for estimating slope stability

at Randa.

Only in the northwest region of the investigation site did we see evidence for

moderately large blocks of rock with velocities > 3800 m/s. Several small bands of

lower velocity material appeared within these higher velocity blocks.

Assuming that movements identified by the geodetic measurements continue in

the future, the mobile rock mass outlined by the purple dashed lines in Figure 4.13a

will eventually fall into the valley below. The collapse may occur gradually or as

one or more discrete large falls. As this mass becomes completely detached from the

mountain, support, for the adjacent very poor quality rock will decrease substantially

on its southeastern flank, probably resulting in another phase of mountain slope in¬

stability. A two-stage sequence of rockfalls, much like that of the 1991 events, is

then possible. Based on the widespread distribution of anomalously low velocities,
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we suggest that estimates of the volume of crystalline mass susceptible to catas¬

trophic collapse need to be reassessed and that future monitoring of the mountain

slope should account for the entire area underlain by very low quality rock. In

particular, additional geodetic reflectors should be established west and southwest

of the line delineating the boundary between mobile and stationary rock and 3-D

kinematic numerical models that account for the topography, geology, geotechnical

information, and extensive volume of anomalously low velocity need to be developed.

4.12 Acknowledgements

We thank Baptiste Daffion for performing the borehole core measurements, Giovanni

Piffaretti, Ueli Meier, and Simon Lloyd for writing some of the MATLAB scripts

and picking the first-arrival traveltimes, Keith Evans, Erik Eberhardt, and Simon

Low for their collaboration in this interdisciplinary project, and J.D. Rouiller and

colleagues at the Centre de Recherche sur l'Environment ALPin (CREALP) for

their logistical support. Numerous ETH students participated enthusiastically in

the field campaign. We appreciate the advice and suggestions provided by Alastair

McClymont, Heinrich Horstmeyer, Rita Streich, and Jens Tronicke. The research

was funded by the Swiss National Science Foundation.



Chapter 5

Conclusion and Outlook

Previous geophysical studies aimed at improving our understanding of landslides,

rockslides, and rockfalls have mostly been based on single or sparse 2-D profiles.

Although these studies have provided valuable information, it is possible that some

of the returning energy (be it seismic, radar, electric, or diffusive electromagnetic)

assumed to originate from below the profiles instead originates from out-of-the-

planes of the profiles. To avoid this possibility, all of my experiments have been based

on much more time-consuming and computationally challenging 3-D approaches. In

the following, I summarize the 3-D field and computational methods that I have

developed and the results of applying these methods to the unstable rock mass near

Randa. I then outline some of the outstanding issues that need to be addressed at

the Randa investigation site.

5.1 Methodological Developments

A major part of my thesis has been concerned with the development of 3-D geo¬

physical techniques for investigating regions characterized by rugged topography

and highly heterogeneous geology, with emphasis on mapping or determining the

effects of shallow and steeply dipping fracture zones and faults. I highlight here the

four most important aspects of this research and some related developments: (i) the

acquisition and processing of 3-D georadar data across craggy terranes, (ii) identi¬

fying and visualizing steeply dipping features in 3-D georadar data, (iii) acquiring

3-D seismic data across mountainous areas, and (iv) 3-D tomographically inverting

the resultant first-arrival seismic data.

104
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5.1.1 Acquisition and processing of 3-D georadar data

across craggy terranes

Conventional acquisition strategies that, involve the separate recording of georadar

data and coordinate information arc far too time consuming for surveying large areas

distinguished by highly undulating surfaces. The surveying procedure employed at,

Randa demonstrated that it is possible to collect efficiently 3-D georadar data sets

across rugged terranes with acquisition systems that record the radar traces and

corresponding coordinates simultaneously (Chapter 2). To my knowledge, the 3-

D Randa georadar data sets were the first worldwide to be recorded across such

difficult terrane using this approach.

I employed an acquisition system consisting of a standard georadar unit, a self-

tracking theodolite, and a sledge with fixed radar antennas and a target prism

(Lehmann and Green, 1999). The recording of data along closely spaced (~ 0.2 m

for 100 MHz antennas) approximately parallel lines ensured dense data coverage,

thus minimizing the effects of spatial aliasing. Positions of most georadar traces

were determined with high accuracy (better than 0.04 in). However, in the vicinity

of very abrupt topographic changes, the georadar data were affected by relatively

large coordinate inaccuracies, varying antenna-ground coupling conditions, and data

gaps. For the Randa data sets, these problems were reduced markedly by subject¬

ing the data to f-xy deconvolution and f-k filtering. To migrate the georadar sets

recorded across the craggy terrane at Randa, I extended Lehmann and Green's

(2000) topographic-migration scheme from two to three dimensions. The output

from the 3-D topographic-migration scheme demonstrated that with appropriate

acquisition and processing procedures, high quality 3-D georadar images can be

obtained in regions characterized by rugged topography.

A georadar acquisition system that combines a standard georadar unit with a

high quality differential GPS instrument has recently been tested by other members

of the ETH Applied and Environmental Geophysics group (Streich et al, 2004). The

advantages and disadvantages of this combination proved to be comparable to those

of Lehmann and Green (1999). In contrast to the theodolite, the coordinate accu¬

racy provided by the differential GPS did not decrease significantly with acquisition

speed, but instead depended strongly on the available satellite coverage.

A third combination of a, standard georadar recording unit and a highly accurate

positioning instrument has been developed by Professor Mark Grasmueck (RSMAS,

University of Miami). For determining the coordinates, he uses laser sensors for

rotational position sensing. This is a very interesting development, because the
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real-time coordinate accuracy of rotary laser positioning (< 0.01 m) is higher than

that provided by the theodolite and GPS instruments (0.01 - 0.04 m) operating

under the same conditions.

I conclude that acquisition systems that record georadar data and coordinates

simultaneously have expanded the possibilities of georadar surveying for both re¬

searchers and practitioners. In addition to mountain slopes, a diverse range of other

complex and undulating landscapes (e.g., archaeological mounds, sand dunes, rock

glaciers, narrow valleys, hilly and mountainous regions) may now be investigated in

a fast and cost-effective manner (e.g., it is now possible to survey a ^ 25 x 25 m

area of rugged terrane in a single day).

5.1.2 Identifying and visualizing steeply dipping features in

3-D georadar data

Although conventional migration algorithms have proved their efficacy in imaging

shallow dipping reflections and diffractions in georadar data, steeply-dipping features

usually remain undetected. This encouraged me to develop a new semblance-based

topographic migration (SBTM) scheme that highlights the presence of steeply dip¬

ping features (e.g., fracture zones and faults) by emphasizing diffraction patterns

at the expense of reflections (Chapter 3). The general principles behind the SBTM

scheme were demonstrated on synthetic georadar data containing two reflections,

numerous diffractions, and noise. Results of applying the SBTM scheme to the

Randa data sets, however, indicated that direct interpretation of the SBTM output

is difficult if only loosely connected clusters of high semblance values are gener¬

ated by multiple diffractors. For such cases, I demonstrated that 3-D digital image

processing (e.g., morphology processing) is capable of emphasizing objectively the

main structures within the clusters of high semblance values. For many regions

of the Randa investigation site, the most significant structures after digital image

processing were well described by planar surfaces that mostly had very steep dips

(> 75°). Correlation with surface features demonstrated that these planar surfaces

corresponded to fracture zones that were either invisible or only partly visible in

conventionally migrated images.

Although these results demonstrate that, coherency-based migration schemes are

powerful tools for fracture detection, it must be stressed that the SBTM method

is not capable of revealing the presence of smooth planar fractures unless they in¬

terrupt the continuity of other features. Furthermore, numerous other types of

heterogeneity (e.g., lithological variations, karsts in limestone, boulders in soil) may



5.1. METHODOLOGICAL DEVELOPMENTS 107

cause diffractions. Accordingly, the results of the combined SBTM and morphology

approach should always be considered together with the results of conventional mi¬

gration in attempting to identify unambiguously the origin of diffraction patterns

and obtain comprehensive pictures of both rough and smooth structures in the sub¬

surface. Other potential uses of the SBTM method are described in Chapter 3.

I based my coherency-based migration method on the semblance parameter, pri¬

marily because it allows large data volumes (e.g., the 3-D Randa georadar data) to

be migrated quickly. However, the output semblance coefficients are dependent on

the amplitude scaling applied to the input data. An alternative coherency measure

is the normalized cross-correlation (NCC) (Appendix B; Müller, 2000). It is in¬

dependent of amplitude variations between the input traces. Computation of the

NCC is very time-consuming, such that it is not yet suitable for the processing of

large data sets.

5.1.3 Acquiring 3-D seismic data across mountainous areas

Although hydrocarbon exploration companies regularly record deep 3-D seismic re¬

flection data across mountainous regions, this is maybe the first high-resolution 3-D

seismic data collected in a high alpine environment (Chapter 4). Considering the

very different budgets available to hydrocarbon exploration companies on the one

hand and university and civil engineering companies on the other, it was not possible

to simply downscale hydrocarbon exploration techniques to an engineering investi¬

gation of the Randa rock mass. Instead, careful consideration of what would be the

most efficient engineering-scale seismic recorders and sources was required.

An acquisition system that is light, robust, and has the possibility to connect, a

large number of live channels is mandatory for efficient seismic surveying in moun¬

tainous areas. The relatively new GEODE recording unit from GEOMETRICS

meets all of these requirements1. Each GEODE has an A/D converter and 24 chan¬

nels of recording capacity. Multiple GEODES may be connected via light digital

network cables. They arc controlled by a field laptop. For the seismic measure¬

ments at Randa, I connected up to 9 GEODES resulting in 216 recording channels.

Although the maximum number of units that can be run together is not specified

by GEOMETRICS, I have demonstrated that multiple GEODE's are well-suited for

simultaneously recording information from large numbers of geophones distributed

over craggy terrane.

1We were amongst the first groups worldwide to use GEODE's, details of which are given on

the GEOMETRICS website: http://www.gcometricfa.com/seismographs/Geode/geode.html.
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The seismic source has a strong influence on acquisition speed. At Randa, I tested

different sources (sledgehammer, pipegun, explosives) that could be transported

across the investigation site without the aid of a vehicle. As a result of the intense

fracturing of the Randa rock mass, seismic energy was strongly attenuated with

distance, such that the sledgehammer and pipegun were quickly determined to be

inappropriate. A strong broad-band (signal frequencies: 50-200 Hz) signal was

only possible by using small explosive charges. Similar conclusions were made by

Bühnemann and Holliger (1998), who compared the efficiency of a variety of seismic

sources (bolt gun, pipegun, accelerated weight drop, mini-vibrator, explosives) in

a crystalline rock laboratory. Based on the source tests, small explosive charges of

5-50 g were employed at Randa. One major drawback of using explosive sources at

Randa was the time required to drill the shotholes (up to 30 minutes per hole).

A promising new seismic source for application in shallow crystalline rock ter¬

ranes is the "Swept Impact Seismic Technique"(SIST)2. This source combines the

Vibroseis swept frequency concept with the Mini-Sosie multi-impact method (Cosma

and Enescu, 2001). Since this source is relatively light (the VIBSIST-20 weighs ~ 24

kg), fast (duration of a sweep: ~ 30 s; Cosma and Enescu, 2001), and non-invasive,

in principle it should be possible to acquire large volumes of high-quality data at

a reasonable cost, without damaging the sensitive alpine environment. Nonetheless,

the source needs to be thoroughly tested across a mountainous area under varying

source-ground coupling conditions before it could be used for production seismic

surveying at Randa.

5.1.4 3-D tomographic inversion of first-arrival seismic data

Because of strong signal shape variations, it was not possible to pick the first ar¬

rival traveltimes automatically. As a consequence, all 52, 600 first-arrival traveltimes

were read individually by experienced geophysics diploma students and myself. The

2-D profile data were inverted using the computer program described by Lanz et al

(1998). For the 3-D tomographic inversion of the entire data set, I wrote my own

code. The forward component was based on Podvin and Lecomtc's (1991) travel-

time computation algorithm and Aldridge and Oldenburg's (1993) steepest, descent

method for constructing the 3-D raypaths. Paige and Saunders' (1982) LSQR algo¬

rithm was employed for the actual inversion (Chapter 4).

2When I started my project, the SIST source was still under development; information on SIST

can be found on the VIBROMETRIC website: http://www.vibrometric.com.
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5.2 Results of geophysical studies at the Randa

investigation site

Field mapping and analyzes of aerial photographs allowed the surface distribution of

fracture zones and faults across the Randa investigation site and across the rockfall

scarp to be determined (Willenberg, 2004). The aerial photographs were particu¬

larly useful for mapping the portions of fracture zones and faults hidden beneath

thin layers of moraine and slope debris. Geophysical and geotechnical investigations

within the moderately deep boreholes allowed the fracture distribution in the imme¬

diate vicinity of the boreholes to be estimated (Willenberg, 2004; Spillmann et al,

2005). A principal goal of my research was to determine the locations and/or effects

of the fracture zones and faults within a large volume beneath the investigation site.

5.2.1 Results of the 3-D georadar surveys

The 3-D georadar images revealed the overburden-bedrock boundary, several

foliation-parallel structures, and numerous fracture zones and faults (Chapters 2

and 3). All important surface fracture zones and faults located within or close

to the georadar survey areas could be linked with reflections, diffraction patterns,

and/or accumulations of high semblance values in the 3-D georadar data, thus al¬

lowing these surface features to be traced to considerable depth. Moreover, some

shallow fracture zones detected in the georadar data could not identified at, the sur¬

face because of the debris cover. Several of the detected fracture zones and faults

dip 32 - 40° eastwards, in the direction of the 1991 rockfall scarp (C and K in

Figure C.2a ), or parallel to the foliation direction (B, E, F, and J in Figure C.2c).

Most other interpreted fracture zones and faults are nearly vertical structures.

The opportunities to compare the surface georadar images with borehole results

were limited. It was determined that the heavy drilling equipment could not be

set-up within survey areas Al and A2 only after the first two georadar data sets

were acquired. Once the site of borehole SB120 was chosen to be the terrace ad¬

jacent to survey areas Al and A2, I collected a third georadar data set across this

area. Unfortunately, the narrow width of survey area A3 allowed only very shallow

features (depths: < 10 m) to be interpreted in the migrated data (see Appendix C).

The location and orientation of the only fracture identified on the televiewer and

caliper logs in the upper 10 m of borehole SB120 correlated well with accumula¬

tions of high-semblance values in the A3 georadar volume. Moreover, some steeply

dipping fractures observed in single-hole georadar data recorded in borehole SB120
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(Spillmann et al, 2005) were identified as extensions of features seen in the Al and

A2 georadar volumes. Finally, the crosshole radar tomography between boreholes

SBSON and SB50S (Spillmann et al, 2005) provided an accurate estimate of the

electromagnetic wave velocity in the crystalline rock mass required for migration of

the 3-D survey data.

I conclude that the 3-D surface georadar data sets determined the fracture dis¬

tribution in the shallow subsurface with a resolution not obtainable by any other

non-intrusive method. Unfortunately, the base of the highly fracture zone of the

mountain slope could not be established from the georadar data.

5.2.2 Results of the 3-D tomographic seismic refraction sur¬

vey

Velocities of < 2700 m/s were mapped to a depth of > 35 m across a 200 x 150

m area of the Randa investigation site. Velocities this low are extraordinary for

gneissic rock. There is compelling evidence that these low velocities are the result of

ubiquitous dry cracks, fracture zones, and faults, and are not caused by weathering

or unusual lithologies. The important points are:

• velocity measurements on core samples demonstrate that the extraordinarily

low velocities are not related to lithology (Daffion, 2003);

• the broad zone of extraordinarily low velocities parallels the northeast-

southwest trending portion of the rockfall scarp;

• mapped surface fractures and associated lineaments are concentrated within

this zone;

• several velocity lineaments that cither border or lie within this zone coincide

with the surface fracture zones or lineaments;

• the openings of some surface fractures exceed 0.02 m - ubiquitous air-fill frac¬

tures significantly lower average velocities;

• extraordinarily low P-wave velocities have been observed within other highly

fractured crystalline rock masses that are susceptible to rockfalls (Havenith

et al, 2002).

Assuming that my interpretation is correct, then the entire volume of extraordi¬

narily low velocity rock must be considered as strongly fractured.
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The mobile part of the mountain slope, as determined by Willenberg (2004)

on the basis of geodetic monitoring and geological mapping, is distinguished by

extraordinarily low velocities extending to at least 35 m depth. Somewhat surprising,

a large region of the adjacent part of the mountain slope is characterized by equally

low velocities. Indeed, there is no noticeable change in velocity across most of

the proposed boundary between the mobile and presumably stationary parts of the

mountain slope. There are, however, significant lateral changes in velocity across

a linear northeast-southwest trending zone that lies at varying distances to the

northwest of the boundary (see Chapter 4).

As for the georadar component of my research project, the base of the highly

fracture zone of crystalline rock could not be established from the seismic data.

Based on information extracted from the SB120 borehole, it is only possible to state

that a high degree of fracturing extends to at least 120 m depth.

5.2.3 Comparison of the 3-D georadar images and 3-D seis¬

mic tomogram

A detailed comparison of the 3-D georadar results with information contained in

the 3-D velocity tomogram is not possible, because the seismic experiment cannot

resolve the individual fractures that appear in the georadar images. However, the

georadar data were recorded within the zone of extraordinarily low velocities. In

addition, the general trends of low P-wave velocity zones within the georadar survey

areas are parallel or subparallel to fracture zones and faults mapped in the georadar

data as reflector C and diffractors D (see Figure 5.1) and trends of high-semblance

values i, j, k, and 1 (see Chapter 3).

5.3 Unresolved issues at the Randa investigation

site: the need for additional geophysical stud¬

ies

5.3.1 Effects of seismic anisotropy

The velocity measurements on rock samples demonstrated that the gneissic rocks

underlying the Randa investigation site are anisotropic (Daffion, 2003). When sub¬

jected to hydrostatic pressures of 20 MPa (a pressure sufficient to close microfrac¬

tures created during the core extraction process), average velocities in the plane
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Figuie 5.1: Comparison erf the1 results from the 3-D geoiaclar and the 3-D seismic tomog-

laphy measurements, (a) Aerial photograph of the1 central part of the "Randa investigation

site. Numbering of the surface fractures zl-z4 is the same as in Chapters 2 and 3. (b)

and (d) display very low velocities from the 3-D tomography (< 1100 m/s) as dark clouds

(CI and C2) from two different perspective views in the region shown in (a). In (c) and

(e) the pickerel reflectors and diffractors from the three 3-D georadar data, sets are added

in the same perspective views as in (b) and (el). The retiector C and the diffractors D can

be: considered as the extension of the clouds CI and C2 at larger depths. (In all figures,

the coordinate system of the tomography survey was used that cliffers from the system

employed for the georadar surveys.)
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of foliation were ~ 5400 m/s and those perpendicular were ~ 4700 m/s. The ef¬

fects of this anisotropy, together with any anisotropy that resulted from macroscopic

fracturing and faulting, were not included in the tomographic inversion process.

Before any further tomographic seismic studies are initiated at Randa, it would

be wise to conduct sensitivity tests to establish the effect of 12 — 15% anisotropy on

the inversion process and results. Depending on the outcome of the sensitivity tests,

it may be necessary to write a new 3-D tomographic inversion code that accounts

for the effects of anisotropy and then to collect sufficient data that would allow the

anisotropy to be determined.

5.3.2 Lateral extent of very low quality rock

Clearly, it is important to know the full lateral extent of anomalously fractured and

faulted rock at the Randa investigation site. Improved information could be obtained

by collecting 3-D georadar data over much larger areas of the easily accessible part

of the mountain slope and recording additional 3-D tomographic seismic refraction

data to the east and south of the survey area discussed in Chapter 4. Unfortunately,

to extend the seismic coverage would require working on dangerously steep parts of

the mountain slope, such that, experienced mountaineers would be needed to deploy

the recording instruments and detonate the explosive charges.

5.3.3 Depth extent of very low quality rock

Although the georadar and tomographic seismic techniques supplied important

structural information, application of both methods suffered from limited depth

penetration or resolution. Reflection scismics is the only geophysical method that,

can provide accurate structural information at greater depths. Acquiring a full 3-D

reflection seismic data set at the Randa investigation site would be very expen¬

sive. Furthermore, the processing of 3-D reflection seismic data recorded across

such rugged terrain would be challenging. Nevertheless, Leahey (2003) has demon¬

strated that seismic reflectors can be imaged at the Randa investigation site. Using

conventional reflection seismic software, he processed a portion of profile H2 seismic

data. The resultant section (Figure 5.2) contains evidence for several continuous

reflections (R1-R4), the amplitudes of which vary strongly according to the choice

of stacking velocity model (compare Figure 5.2a and 5.2b). Thereby, best stacking

results were obtained at low velocities below < 1000 m/s. Without additional con¬

straints, it is not possible to determine the locations of the reflectors; considering the
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heterogeneous nature of the Randa investigation site, the reflections could originate

from structures below or to the side of the recording line.

-60 -30 0 30 60

X[m]

-60 -30 0 30 60

x[m]

Figure 5.2: Processed (non-migrated) reflection seismic; sections obtained from the seismic

refection data recorded along profile H2 at the Randa investigation site-. In (a) and (b),

the NMO-eorrections were performed with constant velocities of 650 m/s and 850 m/s,

respectively. Several continuous reflections (R 1-R4) can be observed in the two sections.

Velocities determined from an early tomograpliic inversion of the first-arrival traveltimes

are shown by the colois.

Although electrical resistivity and low-frequency electromagnetic methods sup¬

ply lower resolution data than the wavefield techniques, the spatial distribution of

resistivity values can provide infonnatioii that is extremely useful foi slope stability

analyses. Dry open fractures are likely to have significantly highei resistivities than

the surrounding intact rock mass, whereas water-filled ones may have much lower

resistivities. Electromagnetic surveys are well-suited for water detection in such

highly resistive environments as crystalline rock masses (e.g., Palacky et al, 1981).

Water-related effects at the Randa investigation site have not been considered in the1
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stability analysis of the currently moving rock mass, primarily because the piezome¬

ters installed at, the bottoms of the boreholes only measured perched water in the

lower 1 — 8 m of each borehole (Willenberg, 2004). Nonetheless, the level of the

groundwater-table may influence the stability of the slope; high water pressures in

the fissure system were considered to be trigger mechanisms for the 1991 rockslide

events (Schindler et al, 1993; Satori et al, 2003).

5.4 Concluding statements

Although it is highly likely that the mobile part of the mountain slope at Randa

will eventually fall into the valley below, it is not possible to determine at this time

whether the collapse will be gradual or catastrophic. Once this mass detaches, the

adjacent very poor quality rock will probably become unstable. A sequence of rock¬

falls similar to those that, occurred in 1991 is feasible. The widespread distribution

of anomalously low velocities suggests that estimates of the volume of crystalline

mass susceptible to catastrophic collapse may be too low. Future monitoring of the

mountain slope should account for the entire area underlain by very low quality

rock.

Considering (i) the need to define the locations and volumes of unstable mountain

slopes, (ii) the likely improvements in geophysical field equipment, (iii) increases in

computer power and storage, (iv) new and better schemes for imaging and inverting

geophysical and geotechnical data, and (v) the promising results of my investiga¬

tions and those of others, I anticipate a significant increase in the number of 3-D

investigations of complex slope instabilities, especially at locations where surface

observations and borehole data provide only limited 3-D subsurface information.



Appendix A

Efficacy of f-xy deconvolution in

reducing artefacts

A.l Synthetic tests

To determine the efficacy of f-xy deconvolution as a method for reducing artificial

time shifts and interpolating missing traces, various tests based on synthetic 3-D

data sets have been performed. The initial error-free synthetic data set of 21 x 21

traces included a planar reflection dipping 1.75 ns/trace in the y-direction. The

trace length was 200 ns and the sample interval was 0.8 ns. A Ricker wavelet with

a center frequency of 100 MHz was chosen for the source.

We begin by f-xy deconvolving synthetic data sets contaminated with markedly

different Gaussian-distributed timing errors. We then take one of the data sets

affected by timing errors and replace varying numbers of input traces with blank

ones. The resultant data sets are then f-xy deconvolved. Finally, the results of a

large number of simulations are summarized.

A.2 Efficacy of f-xy deconvolution in reducing the

effects of artificial time shifts

Four different, suites of Gaussian-distributed time distortions1 were applied to traces

of the initial data set. Each time-distorted trace was then cross-correlated with

1In the following, "time distortions"refer to the Gaussian-distributed timing errors added to the

initial error-free synthetic data set, whereas "time shift, "refers to a time shift required to produce a

maximum correlation between either the time-distorted traces and the initial traces or the between

the f-xy-deconvolved time-distorted traces and the initial traces.

116
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its corresponding initial trace. Figures A. la to A. Id show the time shifts required

to produce maximum correlations between the time-distorted and initial data sets;

these time shifts were essentially identical to the applied Gaussian-distributed time

distortions. The RMS values of the time shifts were 0.82, 1.22, 1.48, and 1.83 ns.

After subjecting the four synthetic data sets to f-xy deconvolution (filter length of

3x3 traces), the time shifts required to produce the maximum correlations were

significantly reduced (Figures A.le to A.lh); the resultant RMS values of 0.42, 0.57,

0.59, and 0.80 ns were uniformly lower than the original ones.

A measure of how much the signals change after f-xy deconvolution is provided

in Figures A.li to A. 11, which show normalized amplitudes of cross-correlation max¬

ima for cross-correlations between the f-xy-deconvolved time-distorted traces and the

corresponding initial traces. The vast majority of these cross-correlation maxima

have normalized amplitudes between 0.9 and 1.0 (mean values 0.93-0.96), indicating

low levels of signal distortion. This point is highlighted in Figure A.2, which shows

two y-directed vertical sections (x — 2 and x — 11) before and after f-xy deconvolu¬

tion; these sections were extracted from the 3-D synthetic data sets represented by

Figures A.lc and A.lg.

A.3 Efficiency of f-xy deconvolution in interpolat¬

ing missing traces

Between 10.4 and 28.8% of the traces in the synthetic data set represented by Fig¬

ure A.lc were replaced by blank traces. We then applied f-xy deconvolution to these

highly flawed data in an attempt to suppress the effects of the time distortions and

simultaneously interpolate missing traces. The results of this endeavor range from

good to excellent (Figures A.3 and A.4). The f-xy deconvolution algorithm markedly

reduces the effects of the time distortions and performs well in interpolating numer¬

ous blank traces. As the percentage of blank traces increases from 10.4 through

19.3 to 28.8, the RMS values in diagrams A-3f to A-3h changes from 0.63 through

0.56 to 0.75 ns. According to Figures A.3j to A.31 and Figure A.4, the level of trace

distortion remains quite low, even for 28.8%> blank traces.
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Figure A.2: Cross-sections of synthetic data in Figures A.l (c), (g) and (k) in which time

distortions (RMS value f .48 ns) are largely eliminated after applying f xy deconvolution.

(a) and (c) y-directed cross-sections for x = 2 and 11 before application of f-xy deconvo¬

lution. (b) and (d) Corresponding cross-sections after application of f-xy deconvolution

(filter length: 3x3 traces) to the data.

A.4 Efficiency of f-xy deconvolution based on a

large number of simulations

A summary of results obtained from applying f-xy deconvolution to forty-six different

synthetic data sets is presented in Figure A.5. Twenty-two of the models contained

various time distortions with no missing traces (+'s in Figures A.5a and A.5b),

another fourteen contained various numbers of missing traces and no artificial time

shifts (x's in Figures A.5c and A.5d), and ten contained a mixture of various time

distortions and various numbers of missing traces (o's in Figure A.5).
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Figuie A 5a suggests that there is an approximately lmeai lelationship between

the RMS of tune shifts icquiied to pioduce maximum conditions between the

tunc-distoitec] tiaces and the coiicsponding initial data sets and the RMS of time

shifts loquned to piodue e maximum c onelations between (he f-xy-dec (involved time-
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Figure A.4: As for Figure A.2, except for presence of 28.8% blank traces in the input

data.

distorted traces and the corresponding initial data sets. Based on information con¬

tained in this figure, f-xy deconvolution results in ^ 60% reductions in the RMS

of time shifts. Replacing 19.3% of the synthetic traces with blank traces results

in lower, but still significant reductions. The mean values of the normalized cross-

correlation maxima after f-xy deconvolution decrease approximately linearly as the

time distortions increase (see Figure A.5b). Even for relatively large time distor¬

tions and 19.3% missing traces, the mean value of the normalized cross-correlation

maxima is > 0.9.

As shown in Figures A.5c, a simple linear relationship also exists between the

number of blank traces and the RMS of time shifts required to produce maximum

correlations between the f-xy-deconvolved data sets with blank traces and the cor¬

responding initial data sets. The mean values of the normalized cross-correlation
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maxima after f-xy deconvolution are mostly independent of the number of blank

traces (sec Figure A.5d). It is notable that the mean value of the normalized cross-

correlation maxima remains higher than 0.96 even for 45% blank traces. Adding

large time distortions (equivalent to the time distortions represented by Figure A.lc)

increases the RMS of time shifts and decreases the mean values of the normalized

cross-correlation maxima.

For comparison purposes, we show the RMS time shift, mean value of the nor¬

malized cross-correlation maxima, and percentage of missing traces for the Randa

field data set in Figure A.5. Because we did not have access to an error-free data

set, we used the averages of the eight nearest neighboring traces as the benchmark

traces. Except for the mean value of the normalized cross-correlation maxima, the

Randa parameters are comparable to the intermediates values of the synthetic data

sets.
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Figure A.5: Results of numerous synthetic tests (including those shown in Figures A.l

- A.4) designed to evaluate the efficiency of f-xy deconvolution for removing time dis¬

tortions and interpolating missing data. Effects of adding different Gaussian-distributed

time distortions are emphasized in (a) and (b), whereas effects of progressively increas¬

ing the numbers of blank traces are highlighted in (c) and (d). (a) RMS time shifts of

cross-correlation maxima after f-xy deconvolutiorr arc plotted against RMS time shifts of

cross-correlation maxima before f-xy deconvolution. -f-'s are results for data sets affected

only by time distortions, whereas O's are results for data sets affected by time distortions

plus 19.3% blank traces, (b) Corresponding mean values of cross-correlation maxima after

f-xy deconvolution plotted against RMS time shifts of cross-correlation maxima before f-xy

deconvolution. (c) RMS time shifts of cross-correlation maxima after f-xy deconvolution

plotted against percent blank traces before f-xy deconvolution. X's are results for data

sets affected only by blank traces, whereas O's are results for data sets affected by pres¬

ence of blank traces plus time distortions with RMS values of 1.48 ns. (d) Corresponding

mean values of cross-correlation maxima after f-xy deconvolution plotted against percent

of blank traces before f-xy deconvolution. In (a)-(d), stars indicate results from Randa

field data.



Appendix B

Normalized cross-correlation

(NCC) as coherency measure in

migration algorithms

In chapter 3, I calculated semblance coefficients in tubes along migration templates

to emphasize diffraction patterns relative to reflections. For this kind of applica¬

tion, the semblance coefficient proved, both for synthetic and field data, to be a

computationally efficient and reliable coherency measure. However, the semblance

coefficient (see equation 3.1) is not only sensitive to differences in signal shapes but

also to variations in amplitude (Neidell and Taner, 1971). Consequently, the final

results are dependent on the scaling of the data before migration.

To avoid this amplitude scaling dependence, the normalized cross-correlation

(NCC) is a plausible alternative. This coherency measure is only sensitive to vari¬

ations of signal shape and not to amplitude scaling of the data (Neidell and Taner,

1971). Using the nomenclature introduced in section 3.3.2 and Figure 3.1, the NCC

is given by:

9 k+NM-lM-p r r

NCC{m) = jry-^rrj V E E
/^+P,j(*+r)

(ß }

V j=fc j=fc

where M is the number of traces and A^ is the number of samples in the tube.

A comparison of equations B.l and 3.1 demonstrates that the NCC differs from the

semblance coefficient only in the normalization applied. The NCC and semblance

coefficient are normalized by a geometric and an arithmetic mean, respectively.

Values of the NCC are in the range of ^j < NCC < 1. Unfortunately, calculations
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of the NCC are very time-consuming for large data sets, because M(M+ l)(N + l)/2

multiplications are required at each point. This contrasts with the (M + 1)(N +

1) multiplications needed for the semblance calculation. As a consequence, NCC

computations are unsuitable for processing large 3-D data sets.

To compare semblance-based and NCC-based migration schemes, I have applied

both methods to a 2-D georadar data set acquired across the active Maleme Fault

Zone in New Zealand. The objective of the study was to estimate displacements

on individual fault strands (Tronicke et al, 2005). In the non-migrated section

of Figure B.la, several fault strands with significant displacements are visible. At

some of these faults strands, disruptions generate suites of diffractions (e.g., see red

ellipse in Figure B.l). After applying a conventional migration scheme (Figure B.lb),

chaotic elongated patterns become appear at these locations.

In both the semblance- and the NCC-based migrated images (Figure B.2), accu¬

mulations of high values coincide with the chaotic elongated patterns in the conven¬

tional migrated data. These features are more pronounced in the semblance-based

migrated image than in the NCC-based one; correlation of traces with low energy,

which are generally more affected by noise, have a larger impact on the final NCC

values than on the semblance values due to the different kinds of normalization

(compare equations B.l and 3.1). On the other hand, the NCC-based migrated sec¬

tion is better balanced for all depth ranges. In the semblance-based migrated image,

amplitude dependency may make it difficult to determine an appropriate scaling for

the input, data before migration. Note, for example, that the deep parts of the

semblance-based migrated image are over-emphasized relative to other regions.
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Figure B.l: (a) Non-migrated and (b) conventional migrated section for a 2-D georadar

profile collected across the active Maleme fault zone-! in New Zealand using 100 MHz

antennas. The reel ellipse highlights a fault, strand responsible for diffractions in the non-

migrated section and chaotic: patterns in the conventional migrated section.
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After semblance-based migration

Figure B.2: The same section as shown in Figure B.l after (a) semblance-based and (b)
NCC-based migration. Both coherency-based migration methods emphasize diffraction

pat,terns associated with the fault strands in Figure B.la.(see black ellipse;)



Appendix C

Investigations and results from the

georadar survey A3

C.l Motivation and data acquisition

In Chapter 2 and 3, I presented the results of acquiring, processing, and interpret¬

ing georadar data across survey areas Al and A2 in the central part of the unstable

crystalline rock mass. These results demonstrated that 3-D surface georadar data

were capable of providing comprehensive 3-D pictures of shallow subsurface geologi¬

cal units, fractures zones, and faults. Unfortunately, these areas were not accessible

to the heavy drilling equipment. Instead, the deepest borehole SB120 was drilled

on an adjacent lower terrace (Figure C.l), which was separated from areas Al and

A2 by an 8 - 10 m high natural wall of rock. As a consequence, it, was necessary to

conduct an additional surface georadar survey across this lower terrace. Due to the

narrowness of the terrace in an E-W direction, the width of the third survey site

A3 was limited to 18 m, whereas the length extended over a distance of 46 m. As

for survey sites Al and A2, undulating topography complicated the data acquisition

on the site A3. Note, that the borehole was drilled after the georadar data were

acquired across survey site A3.

C.2 Data processing

Georadar data acquired across site A3 were subjected to a similar processing scheme

to that applied to data recorded across sites Al and A2. One extra processing step

was required to eliminate the effects of air-wave energy reflected at, the steeply

dipping wall. To remove this noise, I first flattened it using a velocity of 0.3 m/ns
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Figure C.l: (a) Aerial photograph of the 3-D georadar survey areas Al, A2, and A3

located in the central part of the Randa investigation site. The blue clot marks the

position of borehole SB120. (b) Photograph of the survey area A3 viewed from the south.

Survey area A3 is separated from survey areas Al and A2 by an 8-10 nt high wall of rock.

and then applied a Karhunen-Loéve filter (Jones arid bevy, 1987) to cross-sections

oriented perpendicular to the wall face. Tfie resulting non-migrated images were of

the same high-quality a,s those for sites Al and A2 (Figures C.2a and C.2b).

A combined topographic migration of all three data sets Al, A2, and A3 was

not possible, primarily because of strong artifacts generated at the ^ 8-m-wide hor¬

izontal gap between survey sites Al and A2 and survey site A3 (see Figures C.la

and C.2). The A3 georadar data set was migrated separately from the others'.

Unfortunately, migration of the A3 data set only allowed the upper 10 in of the

subsurface to be imaged due to the limited width of the survey site (Lynn and Dere-

gowski, 1981). To detect diffractors, the semblance-based topographic migration

(SBTM) was also applied to the A3 data set. From the output volume of the SBTM

process, clouds with high-semblance values (> 0.0003) were subjected to the same

morphology procedure as described for data, sets Al and A2 in Chapter 3.

1The migration results from the combined data set of Al and A2 are presented in Chapters 2

and 3.
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(a)

y ^ 32.75 in

x(m)

(b)

37.4

Figure C.2: (a) Cross-section (y = 32.75 in) and (b) time slice (t = 288 ns) extracted

from the processed, but non-migrated 3-D georadar data collected across survey areas Al,

A2, and A3. Vertical blue-gray lines in (a) and blue-gray shaded regions in (b) delineate

data gaps (i.e., blank traces). The dashed white lines in (a) correspond to the surface

topography and the blue clot in (b) indicates the location of borehole; SB120. Significant

reflections and diffractions are; numbered and highlighted by red arrows. The dashed

red lines in (a) highlight the offset between reflection K in the A3 data set and similar

reflections visible in data sets Af and A2. (c) Reflections and diffractions picked from

the topographically migrated data sets Al, A2, and A3 are displayed in perspective; view.

Features A-F in (a)-(c) are located entirely within data sots Al and A2. They have already
been discussed in Chapters 2 and 3. Features G-K are only observed in data set A3. The

cased and uncased parts of borehole; SB120 are delineated by red and light-blue; solid lines,

respectively. The coordinate system is common to Chapters 2 and 3 and this Appendix.

C.3 Results

In the following, I will use information from the non-migrated and migrated images.
A combined cross-section and a combined time-slice extracted from the three non-



CA. BOREHOLE INVESTIGATIONS 131

migrated data sets Al, A2, and A3 are shown in Figures C.2a and C.2b. Five

time-slices extracted from the non-migrated A3 georadar data set are displayed in

Figures C.3a-C.3e. The corresponding topographic and semblance-based migrated

depth slices are presented in Figures C.3f-C.3i and Figures C.3j-C.3m, respectively.

The same coordinate system as employed in Chapters 2 and 3 is used for all figures

of this Appendix. This requires that the opening of borehole SB120 be located at,

z — 14.5 m.

Several shallow dipping reflections (G-L) are visible in the non-migrated and

migrated A3 images (see Figures C.2a-C.2b and C.3a-C.3i); reflection K is only

observed in the non-migrated section (see Figures C.2a and C.3e) due to its rel¬

atively steep dip and great depth. To provide a better overview on the locations

and orientations of structural features in the subsurface, the picked reflections and

diffractions (A-L) observed in all three topographic migrated data sets are shown in

perspective view in Figure C.2c. Figures C.4a and C.4c show features H-L observed

beneath survey area A3 in two other perspective views.

At several locations in the A3 data set, accumulations of high semblance values

are observed (see Figure C.3j-m). Except for the accumulation of high-semblance

values V, the clouds of high semblance values are less well described by planar

surfaces than those observed in the Al and A2 data sets (see Chapter 3). Because

of this, no planes are fitted to the accumulations of high-semblance values seen in

the A3 data set. Instead, high-semblance values are simply plotted together with

the picked reflections in Figures C.4b and C.4d.

C.4 Borehole investigations

Borehole logs (e.g., caliper and televiewer logs) and borehole georadar data

(e.g., single-hole reflection and vertical reflection profiling (VRP data)) were ac¬

quired in the borehole SB120 (Willenberg, 2004; Spillmann et al, 2005). The caliper

and televiewer logs provided generally accurate determinations of fracture positions

and orientations along the borehole wall. Unfortunately, the upper 5 m of the bore¬

hole (to z = 19.5 m) was cased, so it could not be examined (Willenberg, 2004). As

a consequence, only one fracture Rl was identified in the upper 10 m (z — 24.5 m) of

the borehole (Figures C.4a and C.4c). This open fracture dipped cpiite steeply to the

east (strike: 5°, dip: 64°) intersecting the borehole at a depth of 5.4 m (z = 19.9 m).

The single-hole georadar and VRP data were very helpful, because they detected

steeply dipping features within a radius of ~ 25 m around the borehole. Accord-
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Figure C.3: (a)-(e) Five premigration time slices extracted fiorn data set A3. Data

gaps are shown by the light blue-gray color. Several distinct re-flections C, 11, J, and

K are visible-. (f)~(i) show (he coiresponding depth slices of (a)-(d) aftei topographic

migration. In (h), the- location of borehole SB120 is marked by a blue circle, (j)-(m) show

the coiresponding depth slices of (a)-(cl) after semblance-base-d migration (SBTM). Note,

how the high-semblance values V in (m) coincide with the narrow reflection .1 m (i). The

coordinate system is common to Chapters 2 and 3 and this Appendix.
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ingly, not only fractures close to the borehole, but, also reflections probably related

to open surface fractures z2 and z3, located within or close to survey areas Al and

A2 (see Chapter 2 and 3) were identified in the borehole radar data (Spillmaim

et al. 2005).

C.5 Interpretation

The interpretation in this section focuses on reflections G-K, the most significant

clouds of high semblance values detected in the A3 data set and information provided

by the upper ~ 24 m of borehole SB120:

Shallow reflection G is partly continuous and partly segmented (Figure C.3f-h).

It dips 15 — 18° in a west-southwest direction and approaches the surface at the

north-western edge of the A3 survey site, where the crystalline basement outcrops.

It is interpreted as the boundary between the overburden and underlying rock mass.

At ~ 5.5 m depth (z = 20 m), G converges with reflection H, which dips in a east-

northeast direction (see Figures C.3h, C.4a, and C.4c). Reflection H is probably

the continuation of the overburden-bedrock boundary beneath the western part

of the terrace. The borehole casing prevents a direct comparison of reflection H

with information from the borehole. However, the depth of the overburden-bedrock

boundary was determined during the drilling to be 4.2 m (z — 18.7 m; Willenberg,

2004), which matches the depth of reflection II.

The origin of the narrow shallow dipping reflection I is unknown (see Figures C.3i

and C.4a-d). It is not, intersected by borehole SB 120 and is not parallel to any known

structure.

The elongated reflection J, which coincides with the accumulation of high sem¬

blance values V, dips in a southwest direction parallel to the foliation. As for

reflections B and F in the Al and A2 georadar data sets, it likely represents a

foliation-parallel fracture zone. In borehole SB120, foliation-parallel fractures at

21.5 in, 22 m, and 23.9 m depths (z — 36 m, 36.5 m, and 38.4 m) may be related

to the south-westerly extension of reflection J (Willenberg, 2004; Spillmann et al,

2005).

Since reflections K in the A3 data set and C in the Al and A2 data sets have a

very similar strike directions and dip angles (~ 35 — 40°), they are probably related

to each other (see Figure C.2a). However, their projected extensions are offset by

about 200 ns (sec non-migrated cross-section in Figure C.2a). This suggests that

they should be considered as separate aligned fracture zones rather than different
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segments of the same fracture zone. Borehole SB120 did not intersect any features

that could unequivocally be associated with the easterly extensions of reflections

C and K (Willenberg, 2004). Moreover, results of the georadar measurements in

borehole SB 120 (Spillmann et al, 2005) suggest that features C and K do not extend

to the borehole.

The steeply dipping open fracture Rl that intersects the borehole at a depth of

5.4 m (z — 19.9 m) is not represented by a specular georadar reflection. Instead,

large accumulations of high-semblance values (see red dashed ellipses in Figures C.4b

and C.4d) indicate that the rock mass is highly-fractured in this region. The overall

trend of the high-semblance cloud is compatible with the steep dip of the fracture

observed in the borehole (dip: 64°).
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(c) (d)

Figure CA: (a) and (c) show two different pcrspecl ive views of re-flections G-.T picked from

the- conventional migrated data set A3. The cased and uncased parts of borehole SB120

are delineated by red and light-blue solid lines, respectively. The direction of fracture; Rl

is sketched as a dashed black line-, (b) and (el) show the same perspective- views, but with

Ihe addition of accumulations of high-semblance values after morphology processing. The;

gree-n dashed ellipses outline the accumulation of high semblanc-e values V that coincides

with reflection J. The red ellipses outline; accumulations of high-semblance values that can

be» related to open fracture Rl observed in borehole SB120. The coordinate system is

common to Chapters 2 and 3 and this Appendix.



Appendix D

Ability of the 3-D tomography to

reconstruct elongated low-velocity

structures

To estimate the ability of our 3-D tomography to reconstruct low-velocity structures

as estimated from Figure 4.8, we inserted two wedge-shaped anomalies of 500 m/s

into the initial 3-D velocity model employed for our tomographic inversions. Both

anomalies were 75 m long, 30 m wide, 70 m deep and were separated by a 15 m

gap and oriented slightly oblique to the H-profiles (Figure 4.3 and Figure D.la).

Synthetic traveltimes were computed using all shot-receiver combinations from the

observed data set. Since we were interested in the theoretical resolution power of

our layout, no noise was added to the synthetic data.

Slices parallel to the topography through the 3-D tomogram are shown in Fig¬

ure D.I. The northern anomaly is imaged faithfully down to a depth of 45, although

its shape is somewhat distorted below 15 m. The southern anomaly that extends

beyond the crossing area of the H and Q profiles is less well resolved. Beyond 30 m

depth it is difficult to recognize its signature in the horizontal slices.

Vertical sections extracted at y — 50 m and y — —50 m are shown in Figure D.2.

The large amount of crossing rays allows the northern anomaly along y = 50 m to

be imaged reliably down to a depth of about 60 m. The profile at y = —50 m lies

outside of the crossing area of the H and Q profiles. Spatial resolution is therefore

drastically reduced. Nevertheless, the southern anomaly can be traced down to a

depth of about, 30 m.

From our synthetic experiment we conclude that in the crossing area of the H

and Q profiles low-velocity features can be imaged down to a depth of about 50 to
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Figure DA: Left panels: Depth slices parallel to the topography through a synthetic

velocity model. Uppermost panel also shows the locations of simulated profiles HI to

113 and Ql to Q5 (see also Figure 4.3). The positions of the vertical sections shown in

Figure D.2 are displayed as clashed black lines. Right; panels show the results of 3-D

tomographically inverting synthetic data based on the model shown in the; left panels and

the source;-receiver configurations of the observed data set (i.e., Figure 4.3).
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GO m. Outside of this area it is still possible1 to estimate the lateral extension of

low-velocity features, but depth resolution is restricted to 20 to 30 m

(C)
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Figuie D.2: Vertical see-lions along Ihe dashed black line-s shown in Figuie D.I. Left

panels (a) and (c): true model. Right panels (b) and (d): tomographic reconstructions

with regions characterized by poor resolution covered by a semi-liansparent mask.



Appendix E

Selection of typical shot gathers

To demonstrate the veracity of the ultra-low velocities observed in the Randa tomo¬

grams, portions of typical shot gathers recorded along seismic profiles H2 and H3

arc presented in Figure E.l. For comparison purposes, portions of shot gathers with

more normal crystalline rock velocities (from seismic profiles Q3 and Q4) are also

displayed.
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Figure E.l: Portions of typical shot gathers showing the very low apparent velocities of
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of first arrivals recorded along the northeastern ends of profiles Q3 and Q4. All shot

gathers are plotted with a 3000 m/s reduction velocity.
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