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Preface

This work deals with the problem of sliding instabilities in the case of alpine glaciers (Zun-
genrutschung), a glaciological phenomenon which became sadly famous after the Mattmark
catastrophe in 1965. The physical processes involved in such cases are still poorly known and
no clear precursory signs of such an event could be evidenced so far. Since the Zungenrutschung
problem is still a potential threat in the Alps (where several similar cases arose recently), it
is timely to improve our understanding of this phenomenon and identify detectable precursory
signs of a potential large scale break off. The so-called Zungenrutschung occurs when for a
couple of days/weeks during the melting season the glacier tongue switches into an active phase
with enhanced basal motion. In rare cases such an active phase leads to a major break off event.

In the Alps, one of the most tragic event of this type occurred in 1965 in Switzerland when
the terminal part of the Allalingletscher broke off, killing 88 employees of the Mattmark dam
construction site. In general, events involving a chain of processes can hardly be detected in ad-
vance, especially the initiation of the instability. To protect the population against such events
a timely evacuation constitutes often the only efficient way to secure the potential endangered
area. For this reason a reliable time prediction of such events is sometimes necessary. Unfortu-
nately, this remains a challenge, as the involved physical processes are not yet fully understood
and no reliable precursory sign could be evidenced so far.

The aim of this work is an improved description of the onset of the instability, the maturation
of the rupture process and the influence of water as a triggering mechanism leading to the final
rupture. The ultimate goal is to provide valuable tools for an accurate time prediction of a
critical breaking off event. A major result obtained with three geophones installed on the rock
in the immediate vicinity of the glacier tongue is a relation between seismic activity, surface
and displacement and runoff. A mechanical interpretation considering the process of uncou-
pling/recoupling draws the relation between seismic activity and glacier mechanical behavior.
A complementary statistical analysis of seismic energy distributions and relations with runoff
highlights a strong decrease of the seismic energy when surface velocities are high. With a
further seismic study performed during several weeks on the glacier immediately above the ice-
fall, a novel approach to locate subglacial seismic source events could be developed, allowing
a distinction between shallow and deep sources related to crevasse aperture and basal sliding,
respectively. Cluster in time and space of events with very similar wave-form suggests that the
same areas are concentrating the seismic sources. At this step, this similarity is a promising
results and this should be considered as an appealing continuation of the present work.

The joined analysis of surface flow velocities, subglacial runoff and seismic activity confirms the
complex interplay between these factors and casts a gleam of hope that they can be used in a
monitoring program for a successful forecast of break-off events resulting from sliding instabili-
ties.

This study was accomplished within the EU-FP7 ACQWA Project (www.acqwa.ch) under con-
tract No. 212250. The strong support of Prof. Martin Beniston is greatly acknowledged.

Zürich, February 2014 Martin Funk
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Abstract

Large-scale rupture of unstable steep temperate glacier tongues (termed sliding instability) may
pose a severe threat for human settlement, transport routes and other infrastructures. The pre-
diction of the time of failure is sometimes the only practicable mitigation measure. The present
work focuses on the seismic characterization of a sliding instability suspected on Triftgletscher
after its recent dramatic retreat. The aim is to find precursors of a potential large-scale rupture,
which would give rise to an ice release followed by a dangerous flood wave resulting from the
impact of the avalanche in the proglacial lake.

The impact of the newly formed proglacial lake on the tongue retreat is demonstrated by means
of a simple calving model. It could be shown that buoyant stresses affecting the calving front
between 2000 and 2006 led to an accelerated tongue retreat over the current lake area. Indeed,
the glacier terminus reached the upper end of the lake two years earlier than in the absence of
a water body. As a consequence, the potential instability of the steep part was favored, due to
the disappearance of the frontal abutment. A risk assessment for the Gadmertal showed that
safety problems may arise when the falling ice mass exceeds 1×106 m3. In this case, a flood
wave would reach the first vulnerable areas 11 minutes after the breaking-off, which confirms
the need for time prediction of a potential rupture.

The seismic activity in the steep glacier tongue was examined concurrently with surface motion
and subglacial runoff. Icequakes generated by cracks and icefalls were recorded during summer
2008 using seismic sensors installed on the surrounding bedrock. No precise distinction between
the two sources was possible based on duration or frequency criteria. Clusters of seismic activity
could be located using a basic triangulation procedure. By means of a statistical analysis, a
power-law behavior of the released seismic energy distribution was sometimes discerned during
the period investigated. Variations in the value of the power-law exponent indicated that low-
and high-energy events predominantly occurred during phases of enhanced and reduced surface
motion, respectively.

The seismic activity in the part upstream of the glacier tongue was monitored during summer
2010 using a dense seismic network installed directly on the ice. With the help of a probabilistic
non-linear approach coupled with a 3D velocity model, 87 shallow and 33 near-bedrock icequake
events were located. Source mechanisms of basal icequakes were analyzed by comparing observed
first motion polarity with double-couple mechanisms to be expected for local stick-slip motion.
Results indicated that seismic sources near the glacier bed were probably a mixture of double-
couple and tensile crack opening as well as closing. The analysis of surface strain showed that
near-surface events represent the opening and transverse extension of surface crevasses in a
confluent flow regime.

Although no periods with surface motion acceleration as observed on Allalingletscher before its
catastrophic break-off of 1965 were evidenced, our results indicated a clear correlation between
icequake activity and changes in the glacier dynamic. Moreover, potential periods with enhanced
break-off risk could be identified and discussed. During such periods, recoupling process of the
glacier to its bed were shown to be accompanied by peaks of released seismic energy ranging over
several days. During these phases, jerky motion events, releasing short and very high energy
seismic events, may induce an intensification of the fracturing of the ice mass likely to initiate
an instability of the glacier tongue. Consequently, the associated seismic events may be used as
break-off precursors.
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Résumé

La rupture de grande ampleur de langues glaciaires tempérées raides et instables (on parle alors
d’instabilité de glissement) peut dans certains cas représenter une sérieuse menace pour les
installations humaines et les axes de transport. La prédiction du moment où elle va s’initier
apparâıt parfois comme le seul moyen à disposition pour limiter les dégâts. Ce travail est dédié à
l’étude sismique de l’instabilité de glissement suspectée sur le Triftgletscher, suite au spectacu-
laire retrait récemment observé. Le but est de mettre en évidence des précurseurs à une rupture
majeure de la langue, un tel évènement étant susceptible de déclencher une avalanche glaciaire
suivie d’une dangereuse crue initiée lorque la coulée atteint le lac proglaciaire.

L’influence du lac proglaciaire nouvellement formé sur le retrait de la langue du glacier est
démontrée au moyen d’un modèle de vélâge simplifié. Il est montré que les contraintes induites
par la présence de l’eau au niveau du front de vélâge ont, entre 2000 et 2006, accéleré le retrait de
la langue de l’emplacement actuel du lac. En effet, le front du glacier a atteint l’extrémité amont
du bassin deux ans plus tôt que dans l’hypothèse de l’absence d’eau. De plus, la disparition de
l’appui frontal a favorisé la mise en place d’une instabilité potentielle au niveau de la langue
glaciaire fortement inclinée. Une évaluation des risques indique que le Gadmertal pourrait être
mis en danger si la masse de glace transportée par l’avalanche dépasse 1×106 m3. Dans ce cas
là, la vague accompagnant la crue atteindrait les premières zones vulnérables 11 minutes aprés
l’écroulement, ce qui confirme la nécessité de prédire le moment de la rupture.

L’activité sismique dans la partie la plus raide de la langue glacaire a été étudiée en parallèle
avec les déplacements de surface et les écoulements sous glaciaires. Durant l’été 2008, des séismes
glaciaires générés par la fracturation de la glace ainsi que par les chutes de séracs ont été
enregistrés à l’aide de capteurs sismiques installés aux environs du glacier. Aucun critère de
durée ou de fréquence n’a permis de précisément distinguer les deux sources de séismes glaciaires.
Des foyers d’activité sismique ont pu être localisés grâce à une simple méthode de triangulation.
A l’aide d’une analyse statistique, le comportement en loi-puissance de l’énergie sismique émise
par le glacier est mis en évidence à certains moments de la période étudiée. Les variations de
l’exposant de la loi-puissance suggèrent une bonne corrélation avec le déplacement de surface.

L’activité sismique en amont de la langue du glacier a été suivie durant l’été 2010 en utilisant
un réseau de capteurs sismiques établis directement sur la glace. Une méthode de localisation
non-linéaire permettant une caractérisation probabiliste des sources, couplée avec un modèle
de vitesse tridimensionnel, a permis de localiser 87 évènements proches de la surface et 33 au
voisinage du lit du glacier. Les mécanismes au foyer des sources profondes ont été analysés
en comparant la polarité de la première arrivée d’ondes avec la configuration ’double-couple’
attendue en cas de déplacement ’stick-slip’ à l’aplomb de la source. Les résultats montrent que les
évènements responsables de l’activité sismique basale proviennent probablement d’un mélange
entre des méchanismes ’double-couple’ et des ouvertures/fermetures de crevasses. L’étude des
déformations à la surface indique que les sources superficielles sont associées à l’initiation et à
l’extension des crevasses, dans une zone de confluence glaciaire.

Malgré le fait qu’aucune phase d’accélération du déplacement de surface, similaire à celle ob-
servée sur l’Allalingletscher avant le rupture catastrophique de 1965, n’ait pu être distinguée,
nos résultats ont montré une nette corrélation entre les séismes glaciaires et la dynamique du
glacier. De plus, des périodes potentiellement caractérisées par un risque de rupture accru ont pu



être identifiées et discutées. Durant ces intervalles, il est montré que le recouplement du glacier
sur son lit est accompagné de pics d’activité sismique s’étendant sur plusieurs jours. A ce mo-
ment là, des déplacements saccadés de la langue, trés énergétiques et de courte durée, pourraient
intensifier la fracturation de la glace et ainsi initier la déstabilisation de la langue glaciaire. Dans
cette perspective, les évènements sismiques associés seraient à même d’être utilisés en tant que
signes précurseurs à la rupture.
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Zusammenfassung

Grössere Eisabbrüche aus steilen temperierter Gletscherzungen (sogenante Zungenrutschungen)
können eine schwere Bedrohung für Siedlungen, Transportwege und andere Infrastruktur sein.
Oft ist die einzige durchführbare Schutzmassnahme die Voraussage des genauen Zeitpunktes
des Abbruches. Gegenstand der vorliegenden Arbeit ist die Untersuchung über die seismische
Ausstrahlung im Zuge einer Zungenrutschung des Triftgletschers als Folge seines jüngsten dra-
matischen Rückzuges. Ziel ist es, Frühwarnsignale eines grösseren Abbruches zu detektieren.

Die Auswirkung des sich bildenden proglazialen Sees auf den Rückzug der Gletscherzunge wird
mittels eines einfachen Kalbungs-Modells untersucht. Es konnte gezeigt werden, dass die in den
Jahren 2000 bis 2006 durch das Aufschwimmen des Eises erzeugten Spannungen den Rückzug
der Gletscherzunge über die Fläche des heutigen Sees erheblich beschleunigt haben. Tatsächlich
hat die Gletscher-Front das obere Ende des Sees zwei Jahre früher erreicht, als sie es ohne
Seeeinfluss getan hätte. Infolge dieses Rückzuges wurde die Stabilität der Steilstufe wegen der
nun fehlenden frontalen Abstützung vermindert. Eine integrale Risikostudie für das Gadmertal
ergab, dass eine Bedrohung besteht, falls das herabstürzende Eisvolumen 106 m3 übersteigt. In
diesem Fall würde die auf einen Eisabbruch folgende Flutwelle aus dem Triftsee 11 Minuten
nach dem Abbruch die ersten Siedlungen erreichen, was die Dringlichkeit einer zuverlässigen
Vorhersage des Abbruchzeitpunktes unterstreicht.

Neben der seismischen Aktivität in der steilen Gletscherzunge wurden auch Ober-
flächenbewegung und subglazialer Abfluss bestimmt. Im Sommer 2008 wurden die durch Bil-
dung von Rissen oder Eisstürzen erzeugten Eisbeben mittels Geophonen auf dem benachbarten
Fels registriert. Anhand von Kriterien, die auf Signaldauer oder Frequenz basieren, war keine
präzise Unterscheidung zwischen den zwei Eisbebenquellen möglich. Zonen hoher seismischer
Aktivität konnten mit einem einfachen Triangulationsverfahren geortet werden. Eine statis-
tische Analyse hat gezeigt, dass die freigesetze seismische Energie im untersuchten Zeitraum
häufig einem Potenzgesetz folgt. Dabei korreliert der Exponent dieses Potenzgesetzes mit der
Oberflächengeschwindigkeit des Gletschers.

Die seismische Aktivität im oberen Teil des Gletschers wurde im Sommer 2010 mit einem direkt
im Eis installierten dichten seismischen Messnetz überwacht. Ein nicht-linearer probabilistischer
Ansatz erlaubte in Kombination mit einem dreidimensionalen Geschwindigkeitsmodell die Loka-
lisierung von 87 oberflächennahen und 33 tiefen Eisbeben. Die Quellenmechanismen basaler Eis-
beben wurden untersucht, indem die Schwingungsrichtung des ersten Einsatzens der gemessenen
Wellen mit den bei lokalen sogenanten ,,Stick-Slip” Ereignissen zu erwartenden ,,double-couple-
Mechanismen” verglichen wurden. Die Ergebnissen zeigen, dass es sich bei den seismischen Quel-
len nahe am Gletscherbett wahrscheinlich um eine Mischung aus ,,double-couple-Prozessen” und
Öffnung bzw. Schliessung von Zugspannungsrissen handelt. Die oberflächennahen Ereignisse hin-
gegen wurden durch Öffnung und transversaler Ausdehnung von Oberflächenspalten in der Zu-
sammenflusszone zweier Gletscherarme verursacht, wie die Analyse der Oberflächendeformation
ergab.

Obwohl nicht – wie vor der Allalingletscher-Katastrophe 1965 – Perioden mit beschleunig-
ter Oberflächenbewegung nachgewiesen werden konnten, zeigen unsere Ergebnisse eine klare
Änderung der Eisbebenaktivität wenn sich eine Zungenrutschung einstellt. Mögliche Zeiträume
mit erhöhtem Abbruchrisiko konnten identifiziert und diskutiert werden. Es zeigte sich, dass



während dem Wiederankopplungsprozess des Gletschers an sein Bett mit mehreren Tagen dau-
ernden Spitzen in der Freisetzung seismischer Energie einherging. Gleichzeitig können ruckartige
Bewegungen in Verbingung mit kurzen und sehr hochenergetischen seismischen Ereignissen die
Rissbildung im Eis intensivieren, und somit zur Destabilisierung der Gletscherzunge beitragen.
Die damit verbundene seismische Aktivität kann somit als Vorzeichen eines Abbruchs interpre-
tiert werden.



1. Introduction

1.1. Background on steep glacier instabilities

Glacier-related hazards may arise from glacier advances, ice avalanches and glacier lake outburst
floods. Although the first hazard type has rarely occurred since the end of the little ice age
(∼1850), the latter two are becoming more and more significant due to recent climatic changes
and the increasing land use of the alpine environment (Raymond et al., 2003).

Breaking-off of ice is a gravity-driven instability resulting from a progressive damage evolution
within the ice towards a critical situation (Figure 1.1). In most cases so-called serac falls endanger
only mountaineers. However, ice volumes ranging from 10,000 to millions of m3 can affect human
settlements, transport routes and other infrastructures (Röthlisberger, 1981a; Heim, 1895). The
destructive effect of ice avalanches may be significantly enhanced when they are at the origin
of a chain of processes involving other materials such as snow (snow avalanches, Alean (1984)),
water (flood, Huggel et al. (2002)) and debris (mud-flow, Haeberli et al. (2004)). A reliable
risk estimation thus requires an integral analysis starting from the initial ice breaking-off to
the secondary processes possibly being activated in the run-out zone. The travel time of an
ice avalanche between the starting zone and first vulnerable areas rarely exceeds a few minutes.
Such a short duration usually rules out any mitigation measure, such as the closure of threatened
roads or settlement evacuation. The impact of avalanches can sometimes be diminished by means
of protective structures (see Figure 1.1), such as dikes (Berthet-Rambaud et al., 2007) or dams,
but their storage capacity is always limited. In this context, a reliable forecasting of the break-off
time is clearly essential in order to reduce the possibility of casualties and damages.

Interest in the instability of steep glaciers emerged in the alpine glaciological community follow-
ing the glaciological disasters of 1962 and 1970 at Mount Huascaran (Peruvian Andes) (Lliboutry,
1975), as well as the 1965 catastrophe at Allalingletscher (Swiss Alps, Röthlisberger and Kasser
(1978)). Initial studies focused on changes in motion of unstable glaciers (Röthlisberger and
Kasser, 1978; Röthlisberger, 1981a). They highlighted two main types of instabilities (Figure
1.1), i.e., mechanical and sliding, related to the thermal regime at ice/bedrock interface.

A mechanical instability characterizes the destabilization of cold hanging glaciers, which are
frozen to the bedrock. They lack an ablation zone where ice can melt, and therefore progressively
evolve towards an unstable geometry. This process continues until a mechanical threshold is
exceeded (Figure 1.1). At this point, mass balance is restored by the breaking-off of ice. This is
a cyclical process, which is repeated at various periods, depending mainly on glacier geometry
(Pralong and Funk, 2006). In 1973, a method for predicting the time of failure of large unstable
ice masses of a cold hanging glacier at Weisshorn was proposed by A. Flotron and H. Rthlisberger
(Flotron, 1977; Röthlisberger, 1981a). The method is based on the regular acceleration observed
on large unstable ice masses prior to their collapse. The procedure for prediction consists of a
non-linear regression analysis of geodetically measured surface displacements of stakes installed
on the unstable glacier. The displacement measurements are fitted with an empirical power law
which allows the time of failure to be determined. This topic was rarely addressed in the wake
of these pioneering studies, and no significant advances in this field were made until the thesis
of A. Pralong offered a host of new perspectives (Pralong, 2005). Using statistical methods of
nonlinear regression analysis, the accuracy of the prediction proves to be extremely sensitive
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to the point in time when the measurements are started and stopped. Moreover, log-periodic
oscillations that are superimposed on the regular acceleration of the unstable ice mass were
detected. The oscillations may lead to inaccurate predictions if a respective term is not included
in the model. Such a regression procedure, however, does not yield reliable results in the case
of scarce surface motion data, which often happens due to frequent bad weather conditions in
the high mountain environment. At this time, no prediction scheme can be derived, and so the
development of alternative monitoring techniques makes sense. In this context, a recent study
established a clear correlation between the break-off imminence and the seismic energy released
by crack formation (Faillettaz et al., 2011a). The authors explained this relation by the increase
in internal damage ensuing from the coalescence of basal crevasses. By combining both seismic
and surface measurements, they showed that break-off prediction can be improved substantially
during the rupture maturation phase. Due to warming conditions, the ice of steep cold glaciers
can reach the melting point locally. The transition from cold to polythermal glaciers (composed
of cold and temperate ice) occurs over several years and may be accompanied by basal instability
in the altered areas (Faillettaz et al., 2011b). No clear and easily detectable precursory signs
could be found so far. At present the evolution towards a critical situation can be inferred only
by monitoring spatial and temporal variations of the thermal regime. Due to global warming,
this kind of instability will likely affect several high altitude glaciers in near future.

The second type of instability (termed sliding instability) is found in the case of steep tem-
perate glacier tongues. Meltwater flowing at the ice/bedrock interface causes a lubrication at
the glacier bed that favors basal motion. The initiation of large-scale ruptures occurs at the
ice/bedrock interface, and involves processes which are not nearly as well constrained as in the
case of mechanical instabilities. Initial investigations were undertaken after the 1965 disaster
at Allalingletscher (Röthlisberger and Kasser, 1978). The authors discovered that the glacier
tongue experienced a progressive increase in velocity 2 to 3 weeks before the break-off. This ac-
celeration is now known as ”tongue sliding”, meaning that during this active phase, the motion
of the glacier is characterized by meltwater-enhanced basal motion. During this active phase the
roughly 50 m thick glacier tongue gradually evolves into a chaotic mass of broken ice chunks.
The glacier thickness decreases in the upper part, while the overall volume increases by some
20 to 30%, owing to the formation of many cracks. At the upper end of the unstable mass a
crescent-shaped system of crevasses opens up, and develops, as time goes on, into a wide-open
gap. So-called ”tongue sliding” has been observed almost annually at Allalingletscher after 1965
during the second half of the summer season. Nevertheless, a major icefall occurred only twice:
in 1965 and 2000. Evidently, the speed-up is necessary but not sufficient to trigger avalanching.
For the ice avalanche to occur it is likely that the mass distribution and the sequence of active
phases had to be exactly right. Recently it could be shown that the final failure may result from
basal friction changes caused by rapid variations in subglacial water runoff (Faillettaz et al.,
2012). These basal alterations may include fracturing processes, implying that sliding is not the
sole cause of the large-scale rupture. The exact timing of such icefalls is in most cases associated
with a mechanical threshold (Figure 1.1) defined by the complex combination of mass balance
distribution, active phases and changes in basal conditions. However, such a critical situation
comes about through the relatively slow evolution of the glacier over months to years in response
to changes in glacier geometry. Hence, the exact prediction of such an event using surface motion
measurements alone is not possible, and there is an urgent need to develop alternate monitoring
methods.

1.2. In the context of Triftgletscher

Over the last 15 years, the terminus of Triftgletscher (Bernese Alps, Switzerland, see Figure
1.2) has retreated substantially, and a proglacial lake containing 5×103 m3 (Grischott et al.,
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2010) of water formed progressively between 2000 and 2006 in the glacier forefield (see Figure
1.2). Since 2006, a major sliding instability of the 35˚ steep tongue has been suspected due
to the disappearance of the frontal abutment. This evolution, similar to what was observed
on Allalingletscher before its break-off, suggested a favorable terrain for a large-scale tongue
rupture. The close proximity of the proglacial lake could lead to a process chain where an
ice avalanche could trigger a flood wave when entering the lake. In this case, the produced
impulse wave may seriously endanger the downstream valley, as its destructive power would be
diminished only by the narrow canyon at the end of the lake (see Figure 1.2). Therefore, the
safety of vulnerable areas in the Gadmertal (see Figure 1.2) directly depends on the tongue
stability.

This particular context makes Triftgletscher a suitable terrain to investigate new approaches to
the detection of the onset of a sliding instability.

1.3. Objectives of the thesis

The present thesis focuses on the mechanisms of the sliding instability (see Figure 1.1) with
the aim to find precursors of a large-scale rupture on Triftgletscher. In particular, the following
issues are investigated:

• The evolution towards an unstable configuration is examined by analyzing glacier changes
since the beginning of the proglacial lake formation. In particular, the influence of the
lake on the glacier retreat is scrutinized with the help of a simple calving model (Dal-
ban Canassy et al., 2011).

• Acoustic emissions are shown to be a reliable tool to characterize the evolution of brit-
tle damage within heterogeneous materials (Johansen and Sornette, 2000; Nechad et al.,
2005). Accelerated damage formation was reported as a reliable precursor of failure in the
case of natural gravity-driven instabilities, such as cliff collapse (Amitrano et al., 2005)
or slope instabilities (Dixon et al., 2003; Dixon and Spriggs, 2007). On cold glaciers,
seismic investigations yield a better understanding of rupture maturation and provided
new insights for break-off prediction (Faillettaz et al., 2011a). Keeping in mind the limits
of surface motion measurements in the forecasting of a large-scale rupture arising from
a sliding instability, and encouraged by promising findings obtained in the case of cold
glaciers, this thesis undertakes the seismic characterization of the evolution of the sliding
instability suspected on Triftgletscher. Micro seismic events with sources located within
the ice, commonly termed icequakes, are monitored using seismometers installed on the
ice as well as in the vicinity of the glacier. The relation between recorded events and
tongue dynamics is examined. Seismic signatures of various source mechanisms found on
the terminus are described: cracks opening (Neave and Savage, 1970), fall of ice chunks,
as well as dynamic processes like stick-slip motion events (Smith, 2006; Danesi et al.,
2007). By distinguishing between near-surface and basal events, an analysis is made of
the extent to which icequakes reveal information about the instability, and of what can
be inferred from a seismic investigation of the initiation and prediction of a large-scale
rupture phenomenon.

• Based on detailed studies of the dynamics of potential ice avalanches and propagation of
the triggered impulse waves, a risk assessment for the downstream Gadmertal valley is
performed.
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1.4. Thesis outline

This thesis is composed of three independent and self-contained parts (Chapters 2, 3 and 4).
The elaborated topics correspond to the different phases presented in Figure 1.1. An overview
of the investigated sectors, as well as of the main issues presented in each chapter, is indicated
on the map shown in Figure 1.2. In Chapter 2, the factors which led to the presumed unstable
regime on Triftgletscher terminus are first examined. In particular the influence of the lake on
the glacier retreat is evidenced with the help of a simple calving model. Next, the assessment
of the flooding hazard implied by a tongue rupture is investigated. The chapter ends with
preliminary results from a feature tracking technique employed to highlight surface motion
variations at the steep tongue. In Chapter 3, both the release of seismic energy in the ice and
the related surface motion variations thereof are studied. Results are interpreted with the help
of a statistical analysis, and it is shown that our observations can be explained by the changes
in basal friction conditions. Periods with enhanced break-off risk are discussed, and methods
for rupture prediction are proposed. In Chapter 4, seismic experiments carried out on the
almost-flat part preceding the terminus are presented. The distinction between near-surface
and basal icequakes is emphasized, by locating the sources with a probabilistic non linear
procedure. Using surface motion monitoring, source mechanisms for both superficial and deep
seismic activities are revealed with the help of a surface strain rate analysis and first motion
polarity, respectively. Lastly, shallow event time series during periods with enhanced rupture
risk are scrutinized.

Before concluding, I also present an outlook for further analysis based on previously col-
lected data or on new field experiments. Finally, in the appendix, a range of technical details
and further tips on the computation of icequake location mentioned in Chapter 4 is offered.
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Abstract: The details and the consequences of the recent retreat of Triftgletscher
(Gadmertal, Bernese Alps, Switzerland) are investigated. Geodetic volume changes
indicate a strong decrease since 1929 while the position of the terminus remained
practically unchanged until 1990. The role played by calving in the tongue retreat
running from 2000 to 2006 is confirmed by means of a mass balance model including
a calving criterion. Results show that without calving it would have taken two years
longer for the lake to form than has been observed. The consequences of the ensuing
tongue destabilization are surveyed, first with an ice avalanche model, and second
with an hydraulic study of the potential impulse wave triggered by the impact of
the falling ice mass in the lake. Results point out that ice avalanches with volumes
greater that 1×106 m3 will flow into the lake and that in the worst scenario, a
discharge of 400 m3 s−1 is expected to reach the endangered area in Gadmertal 11
minutes after the break-off. In order to detect surface motion precursors to such ice
avalanches, a photographic monitoring system was installed. The results indicate
seasonal variations with peak velocity in summer and no significant change during
the other months. Spectacular velocity increase were not observed so far.

2.1. Introduction

Triftgletscher is located between the Gadmer and Hasli valleys in the Bernese Alps in Switzerland
(Figure 2.1). It has a length of 5.1 km, an area of 15 km2, an estimated ice volume of 1.3 km3

(Farinotti et al., 2009a) and its altitude range extends from 1651 to 3380 ma.s.l. Note that the
altitude of the terminus of Triftgletscher is one of the lowest in the Alps. The upper part borders
Rhonegletscher. Between 2350 and 2000 ma.s.l. it flows over a 35o steep section towards the
relatively flat tongue (Figure 2.2, left). The glacier snout lies in a basin, which is bordered on
the north side by a riegel (Figure 2.22, right). The water drains of the basin through a narrow
canyon, which is deeply incised in the riegel. Over the last 15 years Triftgletscher has retreated
substantially from the riegel and a proglacial lake containing 5×106 m3 water (Grischott et al.,
2010) has progressively formed in the glacier forefield (Figure 2.3).

Proglacial lakes are likely to represent serious hazards, for instance when they are located in
unstable terrains (Vallon, 1989). In the case of Triftgletscher, one of the risk is induced by
the calving of numerous pieces of ice during the lake formation, which are likely to form a
natural dam in the riegel region. In this context, the modelling of the terminus retreat appears
relevant regarding the informations it provides about how fast the lake forms. Moreover, because
of the glacier retreat and especially the thinning of the lower flat tongue, the stability of the
steep section behind it is affected. The consequence will be an increased portability of large ice
avalanches from the steep section. The recent intense glacier thinning of the lower tongue (6-10
m a−1) has aggravated the situation further because the runout path of the ice avalanches has
become steeper. The result could be ice avalanches with several million m3 of ice plunging into
the lake. Studies on the avalanche dynamics and hydraulics of lakewater have shown that ice
avalanches with more than one million m3 of ice could generate dangerous flood waves, thus
posing a threat to the inhabitants of Gadmertal.

This paper is organized as follow: the changes in Triftgletscher since 1861 are first presented
and the glacier terminus retreat is then explained using a mass balance model coupled with a
calving criterion, followed by a discussion of the likelihood of large ice avalanches occurring at
Triftgletscher. Then the results from ice avalanche dynamics calculations are presented and the
consequences of ice avalanches plunging into the lake in the context of a hydraulic study are
discussed. Finally we present the ongoing monitoring program for early warning, and the results
obtained so far.
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Figure 2.1.: Map of Triftgletscher with the location of 2 automatic cameras.

Figure 2.2.: Steep part of Triftgletscher in 2003 (35o, left) and the riegel with the
narrow gorge through which Triftwasser drains the basin (2004) (photos
M. Funk).

2.2. Changes in Triftgletscher since 1861

It was possible to reconstruct the changes of Triftgletscher since 1861 on the basis of old maps
and aerial photographs from different years. Information about the data used to infer the glacier
changes is given in Table 2.1. Volumes changes since 1929 have been assessed using digitized
old maps and photogrammetric methods.

2.2.1. Photogrammetric survey

Method

The high accuracy digital elevation models (DEMs) we use in this survey are based on pho-
togrammetrical evaluation of aerial photographs, in a spatial resolution of 25 m (Bauder et al.,
2007). The aerial photographs are acquired between mid-August and mid-October (Table 2.1).
Geodetic volume changes are derived by assessing the elevation differences (∆Z) between two
given DEMs.
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Figure 2.3.: Tongue of Triftgletscher in 1948 and 2006 (photos: archive Gesellschaft
fur Ökologische Forschung (http://www.gletscherarchiv.de) and F. Funk-
Salamı́).

Table 2.1.: Database used to generate digital elevation models (DEM) of Triftgletscher.

data date source coverage processing

map 1:50,000 (Equidist= 30 m) 1861 Siegfried map whole glacier digitizing contour lines
map 1:50,000 (Equidist= 20 m) 1929-1936 official map whole glacier digitizing contour lines
aerial photos 25-08-1959 swisstopo whole glacier photogrammetry
aerial photos 18-08-1970 swisstopo lower part photogrammetry
aerial photos 05-09-1980 swisstopo lower part photogrammetry
aerial photos 15-09-1980 swisstopo whole glacier photogrammetry
aerial photos 15-08-1986 swisstopo lower part photogrammetry
aerial photos 20-08-1990 swisstopo whole glacier photogrammetry
aerial photos 13-10-1995 swisstopo whole glacier photogrammetry
aerial photos 24-08-2000 swisstopo whole glacier photogrammetry
aerial photos 23-08-2001 swisstopo lower part photogrammetry
aerial photos 13-09-2002 swisstopo lower part photogrammetry
aerial photos 04-09-2003 swisstopo whole glacier photogrammetry
aerial photos 28-07-2004 swisstopo lower part photogrammetry
aerial photos 14-09-2005 swisstopo lower part photogrammetry
aerial photos 05-09-2006 swisstopo lower part photogrammetry
aerial photos 09-09-2008 swisstopo whole glacier photogrammetry

Uncertainty assessment

The reliability of the photogrammetric survey results directly addresses the question of the
uncertainty associated with each photogrammetric calculation. According to Huss et al. (2009),
the uncertainty in such geodetic methods comes from three principal error sources : (i) the
orientation and the geolocation of the individual aerial photographs, which lead to errors of
±0.2-0.5 m, (ii) the elevation information for single points, whose contribution to the total
uncertainty is ±0.1 m because it is randomly distributed (Thibert et al., 2008) and (iii) the
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Table 2.2.: σperiod and ∆Z for the geodetic volume changes calculations.

periods of study σperiod (m a−1) ∆Z (m a−1)
1929 - 25/08/1959 ±0.023 -0.46

25/08/1959 - 15/09/1980 ±0.018 +0.26
15/09/1980 - 20/08/1990 ±0.040 -0.59
20/08/1990 - 13/10/1995 ±0.077 -0.90
13/10/1995 - 24/08/2000 ±0.082 -0.72
24/08/2000 - 04/09/2003 ±0.132 -1.05
24/08/2003 - 09/09/2008 ±0.079 -0.95

interpolation to unmeasured gridpoints which induces an uncertainty of ±0.05-0.5 m (Bauder
et al., 2007). In order to take into account the different error sources, we compute for each
studied interval a σperiod characterizing the uncertainty associated with the geodetic volume
changes calculation between DEM1 and DEM2 (Huss et al., 2009) (Eq. 2.2.1):

σperiod =
1

∆t

√

σ2
DEM1

+ σ2
DEM2

, (2.2.1)

where ∆t is the period duration in years and σDEM the uncertainty of each DEM. The reliability
of each geodetic volume changes is assessed by comparing σperiod with the mean of the calculated
elevation differences (∆Z). Values of both parameters are given in Table 2.2. We can see that
for all the studied periods, σperiod is significantly smaller than the associated ∆Z value, which
indicates that the derived geodetic volume changes is meaningful. In the following, the geodetic
volume change uncertainty concerning one given studied period is computed using the associated
glacier surface change and σperiod.

2.2.2. Volumes changes

Figure 2.4a shows the cumulative length changes (averaged along the terminus) and the volume
changes since 1929, from data indicated in Table 2.3. After a retreat of more than 1.6 km
from 1861 to 1950, the position of the glacier terminus remained practically unchanged until
1990. A dramatic retreat of Triftgletscher started after 1990, accelerated by calving (see survey
below) in the newly formed proglacial lake after the year 2000 (Figure 2.5). Since 2006, the
glacier tongue is no longer in contact with the lake and therefore the retreat rate is expected
to decrease in the future. The cumulative ice volume loss in the period 1929-2006 amounts to
almost 0.5 km3 (38% of the estimated actual ice volume Farinotti et al. (2009a)). The rate of ice
volume loss has increased considerably since 1980, reaching values between -0.01±0.0006 km3 a−1

and -0.017±0.002 km3 a−1 (Figure 2.4b). It is interesting to compare the rates of ice volume
change in the accumulation and ablation areas separately (the division is drawn at the contour
line 2,500 ma.s.l., Figure 2.1) (Figure 2.4c). Whereas between 1960 and 1980 the ice volume
increased in the upper part at a rate of +0.006±0.0002 km3 a−1, in the lower part it decreased
by -0.002±0.00002 km3 a−1 during the same period. In the following period 1980-1990, this rate
decreased to -0.009±0.0006 km3 a−1 in the upper part, while it reached -0.001±0.00006 km3 a−1

in the lower part. In the following years, the ice volume of the whole glacier decreased and the
ice loss was particularly pronounced in the lower part (-0.007±0.0001 to -0.009±0.00009 km3 a−1

from 1990 to 2005). Figure 2.6 illustrates the changes in the longitudinal profile of the lower
part since 1936. Ice volume changes show that between 1960 and 1980 the glacier mass increase
was particularly strong. Between 1980 and 1990, the upper part was affected by a strong mass
loss while the rate of volume change in the lower part slightly increased. This mass imbalance
suggests an important ice flow from the upper to the lower part in the latter period. Afterwards,
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Table 2.3.: Surface areas (km2) for the whole glacier (S) and for its upper (Su) and lower part
(Sℓ). ∆V : corresponding ice volume changes (km3).

year S ∆V Su ∆Vu Sℓ ∆Vℓ

1929 18.697 – 16.109 – 2.587 –
1959 10.938 -0.238503 9.224 -0.046331 1.713 -0.192172
1980 16.945 0.076030 15.471 0.113483 1.474 -0.037453
1990 16.354 -0.099623 14.904 -0.089642 1.449 -0.009981
1995 16.236 -0.076287 14.863 -0.042049 1.373 -0.034238
2000 15.734 -0.057870 14.706 -0.024826 1.028 -0.033044
2003 15.337 -0.050387 14.541 -0.023994 0.796 -0.026393
2006 14.662 -0.073421 14.213 -0.055994 0.449 -0.017427

both the whole glacier and the lower part lost mass while rate of volume changes in the upper
part increased, indicating a progressive mass rearrangement within the glacier.
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Figure 2.4.: Cumulative length (a); volume changes (solid line) and rate of volume change
(dashed line) of Triftgletscher since 1929 (b); rates of volume change for the whole
glacier (solid line), the upper part (dashed line) and the lower part (dotted line) (c).

2.3. Effect of the lake on glacier retreat

2.3.1. Goal of the study

By modelling the glacier retreat using a simple mass balance model coupled with a calving model,
we aim to assess the role played by calving when the lake formed. Indeed, an important question
regarding glaciers ending in lakes is to what extent the water contact influences their advance
or retreat. It is well known that iceberg calving can be a very efficient ablation mechanism,
permitting a much higher rate of mass loss than surface melting alone (Van der Veen, 1996;
Vieli et al., 2001). We consider the dynamics of the tongue as negligible, which is reasonable
given that the ice velocities measured in 2003 in this area were lower than 10 ma−1 (Müller,
2004). We also consider that the totality of the ice was grounded in August 2006. The evolution
of the lake surface from 2000 to 2006 is documented by orthophotos (Figure 2.5) taken every
year in summer and by DEMs derived from the photogrammetric treatment of each photograph.
The mass balance model is based on temperature and precipitation data. The lake bathymetry
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Figure 2.5.: Orthophotos of the glacier terminus from 2000 to 2006.

(Figure 2.7a) was obtained from a reflection seismic survey aiming at the determination of the
sediment layer thickness at the lake bottom (Grischott et al., 2010) in July 2009. The associated
errors are estimated as 10%.

2.3.2. Calving rate definition and flotation level

The calving rate uc is defined as the volume of ice that breaks-off from the glacier terminus, per
unit time and per unit vertical area (Paterson, 1994; Vieli et al., 2001). It is expressed by ice
velocity ui at the terminus minus the rate of change at the terminus position L (Eq. 2.3.1) :

uc = ui −
dL

dt
. (2.3.1)

Based on observations on Columbia Glacier (Meier and Post, 1987), Van der Veen (1996) pro-
posed a flotation model to describe this phenomenon in the case of tidewater glaciers. In this
model, the terminus of the glacier retreats to the position where the ice thickness h approaches
the flotation height by an amount ho. The critical thickness hc at the terminus is then given by
Eq. 2.3.2:

hc =
ρw

ρi
d + h0, (2.3.2)

where ρw is the density of the sea water, ρi the density of the glacier ice and d the water depth.
Once the ice thickness at a given point of the terminus reaches hc, the ice portion between this
point and the calving front floats and can be likely to calve when it can no longer resist the
induced buoyancy force. The application of this calving criterion to lake ending glaciers has to
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Figure 2.6.: Longitudinal profiles (left) and rate of elevation changes (right) of the lower part
of Triftgletscher since 1936.
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Figure 2.7.: Lake bathymetry (m) (a) and ice thickness distribution (m) on 20/08/2000 (b);
the photograph in the background corresponds to the state of the lake in 2009; the
thick black line indicates the lake bank.

be cautiously considered. First because such glaciers differ from tidewater glaciers because of
lower velocities and calving speed. Second because they can sustain floating tongues for long
periods prior to the onset of calving phases (Boyce et al., 2007; Warren et al., 2001). In this
study, we propose to apply a flotation model to explain the retreat of the Triftgletscher terminus.
For that, we chose the flotation level hc = ρw

ρi
d (with ρw=1000 kgm−3 and ρi=900 kgm−3) as

calving criterion, assuming that it is only governed by surface ablation and setting h0 to 0. This
implies that as soon as the elevation of a surface point behind the calving front becomes equal to
hc, the portion between that point and the glacier terminus is assumed to calve and is removed.
The limits of such assumption are discussed with the results analysis.

2.3.3. The mass balance model

The terminus area, which lies between 1,650 and 1,700 ma.s.l, is discretized using a 25×25 m
mesh. For every node, the daily specific mass balance is calculated using a temperature-index
melt and accumulation model (Hock, 1999) based on a linear relation between melt rate and
positive air temperature (Ohmura, 2001). Daily temperature and precipitation data are required
as input. The surface melt rate M (md−1) is calculated as
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Table 2.4.: Melt factors (md−1˚C−1), cprecip values, σperiod and ∆Z for the periods studied.

Period of study Fmelt (ice) Fmelt (snow) cprecip σperiod (m a−1) ∆Z (m a−1)

24/08/2000 - 23/08/2001 0.0063 0.0044 0.09 ±0.40 11.6
23/08/2001 - 13/09/2002 0.0063 0.0044 0.1 ±0.47 12.7
13/09/2002 - 04/09/2003 0.0061 0.0044 0.03 ±0.41 9.3
04/09/2003 - 28/07/2004 0.0061 0.0044 0 ±0.44 4.8
28/07/2004 - 14/09/2005 0.0061 0.0044 0 ±0.35 5.7
14/09/2005 - 05/09/2006 0.0061 0.0044 0 ±0.41 2.0

M =

(

Fmelt · T T > 0
0 T ≤ 0

)

,

where Fmelt (md−1˚C−1) stands for a melt factor which corresponds to the amount of snow
or ice melted per positive degree. The temperature and precipitation data are obtained from
the Grimsel MeteoSwiss station (1980 ma.s.l). Temperatures are adjusted using a lapse rate
of 0.006˚Cm−1 (Vincent, 2002). The precipitation values are extrapolated from the collected
data using a positive gradient cprecip determined during the model calibration. A threshold
temperature of 0˚C distinguishes snow from rainfall. In the following, we apply the model
on time intervals running from one DEM of the terminus to the next in the following year,
from 2000 to 2006. The reliability of the DEMs and of the derived geodetic volume changes
is validated as it has been done above (see 2.2.1) using values of σperiod and ∆Z shown in
Table 2.4. The calibration of the mass balance model is performed in 2 steps : (i) Fmelt are
first determined for the periods 2001-2002 and 2002-2003, using surface ablation measurements
performed in these two years between June and September (Müller, 2004). The values 0.0063
and 0.0061 md−1˚C−1 are obtained respectively. (ii) The mass balance is applied to the other
periods, using the 2002 melt factor for 2000-2001 and the 2003 factor for 2003-2004, 2004-2005
and 2005-2006 and cprecip is tuned to fit the associated geodetic volume changes. Results for the
different years are shown in Table 2.4. For snow-melt, a melt factor equal to 0.0044 md−1˚C−1

was used (Vincent, 2002).

On the basis of this calibration, we applied the flotation model in the following way: for one
given period, an initial elevation, corresponding to the surface topography of the first day, was
fixed for every point. This initial topography was then modified on a daily time step according
to the model. We modelled the tongue retreat from 2000 to 2006 considering the calving effect
(case 1) and surface melting only (case 2). We also conducted this modelling year by year, from
2000 to 2006, to demonstrate how the calving influences the formation of the lake and to discuss
the limits of the calving criterion assumption. A given point is considered as removed when its
elevation falls below the flotation level hc, as in case 1, or when the ice thickness becomes lower
than 0.15 m, as in case 2. Concerning each of the used DEM between from 2000 to 2006, we
consider an uncertainty of ±0.1 m.

2.3.4. Results

Assessment of the calving effect on the tongue retreat

Figures 2.8a and 2.8b show modelling results of the tongue retreat between 2000 and 2006. The
melted ice volume, corresponding in both cases to the surface bounded by the thick white line,
is 0.120 km3 in case 1 and 0.08 km3 in case 2. The modelling for case 1 accounts for 89% of
the ice tongue retreat, whereas case 2 explains only 59% of it. This result highlights the role
played by calving on the glacier retreat. The remaining glacier area in case 2 corresponds to ice



16 CHAPTER 2. HAZARD ASSESSMENT INVESTIGATIONS ON TRIFTGLETSCHER

Figure 2.8.: Modelled deglaciated area (thick white line) with the calving criterion (case 1) (a)
and with surface melting alone (case 2) (b) from 2000 to 2006; the photograph in
the background corresponds to the state of the lake in 2006; the thick black line
indicates the lake bank.

thicknesses ranging from 70 to 80 m (see Figure 2.7b) in 2000, and in 2006 still exhibits values
ranging from 1 to 20 m. Our results show that with surface melting alone, the ice mass in the
lake area would have disappeared two years later (August 2008).

Yearly results with the calving model and limits of the chosen calving criterion

Yearly results with the calving model are shown in Figure 2.9. The circles indicate where the
flotation level hc was reached during the considered time interval. Their radius indicates the
time (tf ) needed to reach flotation level. The black circles indicate where the ice calved and the
white circles where the ice is still present at the end of the considered time interval, i.e where
the calving model prediction is not verified. The relevance of the flotation model to explain the
glacier retreat by calving is thus expressed by the ratio rc =

∑
black circles∑
white circles

, rc = 1 corresponding
to the best suitability.

We first observe that the calving model is in general able to reproduce the observed glacier
retreat. However discrepancies can be noticed. First on both sides of the glacier tongue, where
the ice retreated faster than predicted by the calving model. For the east side, the presence
of many crevasses favored surface melting and disintegration of the glacier tongue. Evidences
of high subglacial melt rates due to preferred basal water flow path could be observed on the
west side. Because the water depths decrease and the ice thicknesses increase towards the
south (Figures 2.7a and 2.7b), the predicted times for calving tf generally increase towards the
south. In all years the observed glacier retreat is slower than predicted. The mismatch (lowest
rc-values) is greatest in the years 2000-2001 and 2001-2002 (Figures 2.9a and 2.9b), when a
significant number of points sustain the flotation without calving failure.

Similar observations of floating tongue sustainment were made by Boyce et al. (2007) on the
lake-calving glacier Mendenhall (Alaska, USA). The authors showed that the terminus was at
flotation for two years before a calving event was observed in summer 2004, and explained this
stable state because of the accommodation of the existing buoyant stress. Both lateral stability
and back pressure provided by the bed geometry played a role, and the authors concluded that
the final calving event was not triggered by the seasonal variations in thinning rate and in the
lake level but by rapid perturbations in the lake level at a several days time scale. According
to the bathymetry shown in Figure 2.7a, no substantial back pressure is expected in the case of
Triftgletscher. Moreover, the points where flotation is sustained are mainly located far from the
banks, which reduced the influence of the lateral stability. The observed discrepancies mostly
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concern points associated with tf values higher than 200 days, which implies that the flotation
level is approached progressively in these cases. With regard to that, we suggest that the bending
stresses accompanying the flotation setting up increase too slowly and may be relaxed by ice
creep. The buoyant stress is therefore accommodated as one goes along and rapid calving failure
are prevented (Boyce et al., 2007).

This points out the limits of the chosen calving criterion. Indeed, if the impact of the time delays
induced by the possible flotation sustainment is minimized in results from studies running on
several years, we see here that our criterion appears to be not able to reproduce in a precise way
the glacier terminus retreat at a yearly time scale. Despite theses discrepancies, the observed
retreat of the tongue of Triftgletscher between 2000 and 2006 would have occurred two years
later in the absence of calving. Calving is therefore an important factor to take into account
when a glacier is retreating in a region where the glacier bed is overdeepened.

2.4. Ice avalanche history

Since the tragic Mattmark catastrophe (Allalingletscher in Valais, Switzerland, 30 August 1965),
it is known that a major portion of a moderately steep (around 30o slope) glacier tongue can
become destabilized and release an ice avalanche. In this case, 2×106 m3 of the glacier tongue
slid down a rock slope of about 27o over a vertical distance of 400 m and continued an additional
400 m across the flat bottom of the valley, claiming 88 victims at the Mattmark construction
site. Intensive glaciological studies were undertaken immediately after the catastrophe in order
to safeguard the rescue operation and the construction work in the following years. It was shown
that the avalanche was released during a period of enhanced bed slip (called ”active phase”)
that started 2-3 weeks earlier (Röthlisberger, 1981b). Measurement of 1965 showed the end of
the active phase, while those from 1966 and 1967 indicated a surface motion acceleration during
summer ending without break-off (Figure 2.10). This rapid motion can be referred to as a surge-
like movement or a build-up and discharge process. It consists of phases of intensive bed slip,
alternating with quiescent phases with a relatively constant motion around 0.1 md−1. Similar
events occurred at Glacier du Tour (France, 14 August 1949; Vivian (2001) and Rhonegletscher
(Valais, Switzerland; 23 July 1943; Raymond et al. (2003). These examples show that parts of
a temperate glacier flowing on a steep slope (so called ”ramp-type glacier”) can sometimes fall
as ice avalanches that devastate the valley floor far below the level of the glacier tongue. In the
case of the 35o Triftgletscher, this means that a sudden release of a substantial ice mass from
the steep zone should be seriously considered. The exact timing of such icefalls is in most cases
associated with a mechanical threshold that is approached through relatively slow evolution of
the glacier over months to years. However, achieving a precise prediction of such an event is
still a long way off. If the runout of an ice avalanche reaches the lake, a so-called impulse wave
will be generated and propagated towards the valley. The magnitude of such a wave depends on
the volume and the velocity of the ice avalanche plunging into the lake. In the following section,
the runout and the dynamics of the ice avalanches starting from the steep zone is investigated
as a function of the ice volume released. On the basis of these results the generation and the
propagation of the subsequent impulse waves will be analyzed.

2.5. Ice avalanche dynamics

The goals of the ice avalanche dynamics study were to determine the minimal volume of an ice
avalanche required to reach the proglacial lake and to calculate the amount of ice, the speed
and flow depth of large ice avalanches with volumes between 1 and 5×106 m3 flowing into the
lake. There are no dynamic models explicitly developed for the calculation of ice avalanches. In
practice, topographical models (Alean, 1984) and dynamic models developed for snow avalanches
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Figure 2.9.: Results of modelled glacier retreat from 2000 to 2006; circles denote points likely
to calve, black circles denote points which calved, white circles denote points where
ice is still present at the end of the considered time interval; tf indicates the time a
point requires to reach flotation level; rc is the flotation model relevance.
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Figure 2.10.: Glacier motion following the 1965 active phase at Allalingletscher (dashed
line) and active phases measured the next two years (solid lines) (Röthlis-
berger, 1981b).

(Margreth and Funk, 1999) are applied. As the validation of such models for the calculation
of ice avalanches is complex, the results have to be interpreted carefully. For the present study
we applied AVAL-1D (Christen et al., 2002), a quasi one-dimensional, hydraulics-based, depth-
averaged continuum model. It tracks the motion of the avalanche (velocities and snow heights)
from initiation to runout. The main input parameters are the topography, the area and the
thickness of the ice avalanche and the friction coefficients (dry friction µ and turbulent friction ξ).
In the case of Triftgletscher, we assumed a ramp-type failure below the elevation of 2,350 ma.s.l.
According to the assumed scenarios, a 20 to 65 m thick and 120 to 480 m long ice mass might
slide off. The width was assumed to be 200 m. The mean inclination of the glacier bed is around
35o. AVAL-1D employs a Voellmy-fluid law. This law divides avalanche flow resistance into the
dry coulomb-type friction µ and a viscous resistance turbulent friction ξ which varies with the
square of the flow velocity (Bartelt et al., 1999). The friction parameters µ and ξ depend on the
avalanche volume, the terrain roughness and the snow type, which means that the ice volume
is much more relevant for the calculation than the exact geometry of the detached ice mass.
These parameters are usually specified according to the Swiss Guidelines for avalanche runout
calculations (Salm et al., 1990), and were calibrated on the runout distance and velocity of
observed real avalanches. Dry snow avalanches with large volumes (¿60,000 m3) flowing over
smooth terrain have a much smaller friction than small, wet snow avalanches flowing through
a terrain with a high roughness. For an extremely dry snow avalanche with a volume of more
than 60,000 m3 and a smooth terrain, µ and ξ- values of 0.16 and 2,500 m s−2, respectively, are
recommended.

An ice avalanche has higher friction than a snow avalanche. For Triftgletscher we therefore
applied µ=0.2 and ξ=1,750 m s−2, assuming that the ice avalanche is flowing over snow-covered
terrain. For the ”best-case” scenario we increased the friction (µ=0.35 and ξ=1,000) for the very
crevassed part of the track. In this part of the track a loss of mass can be expected. However,
large avalanches can erode and entrain additional ice masses. We performed avalanche dynamics
calculations for the geometry of Triftgletscher in 2003 and 2008. In 2008 the runout zone above
the lake becomes 3o steeper and 200 m shorter because of glacier retreat, in comparison with
2003. The width of the avalanche in the runout zone is assumed to be 300 m. The maximal
altitude drop from the release area to the proglacial lake is around 700 m. Figure 2.11 shows the
flow velocities along the longitudinal profile calculated with AVAL-1D. The maximum calculated
velocity is 67 m s−1. The main results of the calculations are summarized in Table 2.5.

According to the results of the avalanche dynamics calculations and a careful interpretation of
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the data, we assume that an ice avalanche does not reach the proglacial lake if the detached ice
volume is less than 0.2×106 m3 for the surface geometry of Triftgletscher in 2003, and 0.1×106 m3

for the situation in 2008. If the detached ice volumes are greater than 1×106 m3 the avalanche
plunges into the lake at high velocity. More than 90% of the avalanche mass with a volume
of 5×106 m3 flows into the lake. In this case, the immersion time into the lake is about 20 s
with an intermediate flow depth of 7 m (Figure 2.12). We estimated the flow density of the ice
avalanches to be between 400 and 500 kgm−3.

To check the plausibility of the calculations we compared our results with those from the
Mattmark ice avalanche of 1965 (Röthlisberger, 1981) using the reach of the ice release. The
reach of an ice avalanche is described with the so called average slope α. It is the slope of a
line which starts at the top of the zone of release and ends at the farthest point of the deposit
(Alean, 1984). There the reach of the ice avalanche with a volume of 2×106 m3 was α=39o,
the height difference from the release area to the end of the runout zone 450 m, and the runout
distance about 300 m with an average slope inclination of 33o. If the α value were transferred to
the terrain profile of Triftgletscher, the ice mass would easily reach the lake. The mean height
of the avalanche deposit at Mattmark varied between 8 m and 10 m. The comparison confirms
that ice avalanches with volumes greater than 1×106 m3 will flow into the lake.
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Figure 2.11.: Longitudinal profile of the expected surface geometry of the Triftgletscher
tongue in 2008, with maximal flow velocities for the several ice-avalanche
volume scenarios calculated with AVAL-1D.

2.6. Hydraulic study

The impact of the ice avalanche plunging into a lake induces a so-called impulse wave. The
generation of such a wave is subject to a nonlinear, three-dimensional process which comprises a
highly unsteady three-phase flow (air, water, solids). The momentum transfer from the avalanche
to the water body determines amplitude and length of the wave. Although this phenomenon
has been under investigation for more than a century (Russel, 1844; Zweifel et al., 2006), it is
not yet fully understood and its correct numerical simulation still poses a real challenge.

In the case of Triftgletscher, the generation and propagation of impulse waves were simulated
based on a depth-averaged two-dimensional shallow water model (Faeh, 1996). To investigate
the prognostic ability and the sensitivity of the numerical scheme, we performed a comparison
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Figure 2.12.: Time plot of the flow depth at the position of the edge of the proglacial
lake, for the surface geometry of Triftgletscher in 2008 calculated with
AVAL-1D.

with results from laboratory experiments dealing with the impact of a granular landslide on a
water body (Zweifel et al., 2006). A close agreement between the computed flood trace (the
envelope of the amplitude peaks) and the measured values was found. The wave generation due
to the impact of the ice avalanche into the lake was modelled with a rigid body immersing into
the lake. The form and propagation speed of the body was taken according to the resulting
velocities and snow heights of the avalanche as they were determined in the avalanche dynamics
study. The front speed of the virtual body was reduced linearly from the maximum at the
beginning of the lake to zero within the immersion time. The length of the runout zone in the
lake was chosen so that the displacement of water corresponds to the submerged ice volume.
In the simulation model these boundary conditions were implemented by moving the bottom in
space-time.

Figure 2.13 shows the simulated discharge in the canyon immediately beyond the lake (position

Table 2.5.: Results of the avalanche dynamics calculations for different scenarios and surface
geometries of Triftgletscher in 2003 and 2008 (Vaval: total ice avalanche volume,
Vaval−lake: ice avalanche volume reaching the lake, velmax and dmax: velocity and
flow depth of the avalanche entering in the lake).

Year Vaval [10
6 m3] Friction values Parameters at lake Vaval−lake [106 m3]

µ ξ [m s−2] velmax (m s−1) dmax (m)

2003 0.2 0.35/0.20 1,000/1,750 9.6 0.2 -
2003 1 0.2 1,750 41.0 6.8 0.5 - 0.8
2003 5 0.2 1,750 62.8 25.8 4.0 - 4.5

2008 0.1 0.35/0.20 1,000/1,750 4.0 0.3 -
2008 1 0.2 1,750 48.5 7.5 0.6 - 0.9
2008 2.5 0.2 1,750 59.3 14.5 2.0 - 2.4
2008 5 0.2 1,750 66.9 27.4 4.3 - 4.8
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A) and 800 m downstream (position B) for ice avalanches of 1 and 5×106 m3. Immediately
beyond the lake, Triftwasser flows in the 300 m long canyon. Afterwards, the surface topography
bordering the river is flat, causing a strong dampening effect on the flood wave. At the entrance
to the canyon (riegel), immediately past the lake, the wave is retained and reflected on the rock
wall. Due to the run-up, for an ice release of 5×106 m3, the water level is expected to rise up
to 13 m above the lake surface in the canyon. After 6 minutes of propagation the amplitude
of the impulse waves were reduced by 90%, but the lake water level remains above its normal
value due to the water displacement of the submerged ice volume. A slow decrease in the lake
level follows, since the corresponding water is progressively drained through the canyon. In the
worst case scenario, the peak discharge of the first wave amounts to 3,000 m3 s−1. Whereas
the period of this wave is only 37 s, the transported water volume is so small (45,000 m3)
that it is spread out over the plateau after the canyon causing only a wetting of this area but
no relevant peak discharge. The impact of the ice avalanche induces seiches (standing waves)
in the lake. When the waves after the run-up at the ’riegel’ swash back, the water level falls
below the bottom of the outflow slot leading to intermittent releases of water from the lake.
After 180 s the superposition of the different order of waves and its damping due to the bottom
friction causes the lake level to stay persistently higher than the bottom of the outlet. The
corresponding continuous outlflow is the relevant one for the delimitation of the flooded area in
the Gadmertal. The amount of discharge is controlled by the bottleneck effect in the canyon.
After position B, the flood propagates through a steep and narrow 4.5 km long valley until it
reaches the endangered areas in the Gadmertal after 11 minutes. Here, a discharge of 400 m3 s−1

is expected for an initial release of 5×106 m3 of ice, corresponding to the eightfold of the peak
discharge ever recorded at this location.

5.10
6

m
3
: at Point A

5.10
6

m
3
: at Point B

1.10
6

m
3
: at Point A

Figure 2.13.: Discharge in the canyon (position A) and 800 m downstream (position
B) for ice release of 1 and 5×106 m3.

2.7. Flow velocity monitoring

It is likely that ice avalanches from cold hanging glaciers can be predicted with some success.
However, prediction of avalanches that release from temperate ramp-type glaciers is more prob-
lematic and presently unattainable (Pralong et al., 2005; Pralong and Funk, 2006). Although
high rates of sliding have been observed prior to the break-off and are likely to be necessary for
such an event to occur, experience from Allalingletscher indicates that accurate prediction of
catastrophic release is not yet possible. On the other hand, experience indicates that the hazard
is small during the quiescent phase, which extends roughly from November to May. Large ice
avalanches occur only during a period of enhanced sliding (the active phase), which appears
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to be limited to a few weeks during the late melt season (June-October). However, in view of
the uncertainties concerning the mechanisms and controls on fast sliding, even this constraint
must be viewed very cautiously. Nevertheless, early detection of an active phase can give an
indication of a possible catastrophic release. On Allalingletscher, one of the monitoring methods
consisted of aerial surveys repeated at short time intervals (one to two weeks) with subsequent
photogrammetric processing to obtain flow velocities. With the other method, survey markers
were installed directly on the glacier and regularly surveyed with a theodolite. While good
results could be obtained with the first method, the second one proved difficult due to fre-
quent loss of the markers. In any case, the total costs of the photogrammetric method are too
high to be applied over long periods. However, the start of an active phase can be recognized
with an adequate monitoring system for the surface motion of the critical zone. Although this
approach does not allow a precise forecast of the release, it does at least enable the critical
period to be identified within a few days. For Triftgletscher, its evolution is monitored by means
of two automatic digital cameras installed in front and beside the critical part (Figure 2.14).
Camera 1 covers mainly the lower part of the steep glacier section, while camera 2 covers the
upper part. Both cameras are remotely operated and equipped with a data transmitting device
(http://www.alpug.ch) Pictures have been taken once a day since 2004. On the basis of these
pictures, the flow velocities in the steep glacier part are determined.

Figure 2.14.: Triftgletscher and location of the two automatic cameras. The critical
steep glacier sector is marked by the box. Time series of surface motion
were determined for the points 1 and 2.

The flow velocities computation was performed using a sophisticated image-processing method
called Digital Image Correlation (Chao and Sutton, 1993) implemented in the software code
VEDDAC). Digital Image Correlation (DIC) applied to digitized grey scale patterns is an optical
field measuring method based on digital image acquisition and image processing. Digitized
images acquired from the object under investigation at a reference state and, at least, one
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Figure 2.15.: Flow velocities for two points in the steep part of Triftgletscher from 2005
to 2009 (broken line: point 1; solid line: point 2, see Fig. 2.14).

different state are compared using a special algorithm (Dost et al., 2003). An additional subpixel
algorithm enhances the lateral resolution to approximately 1/10 to 1/100 of an image point
(Pixel).

Seasonal changes in the glacier flow velocity (Figure 2.15), and a typical flow velocity profile at its
surface (Figure 2.16) can be inferred from the DIC results. The velocity analysis is performed
at least 3 times a month (depending on visibility conditions) and the associated accuracy is
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Figure 2.16.: Surface flow velocity field for Triftgletscher inferred from pictures taken
with the upper camera: image-related displacements during a week in
late summer 2005 in grey-coded representation (displacements in pixels/7
days).

roughly ±5 cm. The first interesting results concerns the ability of the method to describe
surface motion in chaotic areas such as the Triftgletscher seracs fall. We see on Figure 2.16
surface motion during a week in late summer 2005, with values running from 0 to 10 pixels
per 7 days. Their spatial distribution well emphasizes the breaking-off of the slope, with lower
values upstream and bigger values in the middle downstream. It was also possible to observe
and detect potential significant disorders (Figure2.15) on a daily basis during summer and thus
ensure early warning against contingently dangerous behavior of the Triftgletscher. During
the 5 years of monitoring, the peak velocities around June-July decreased from 0.9-1.1 md−1

in 2005 to 0.6-0.7 md−1 in 2008 and 2009. During the other months, the flow speed did not
change significantly and amounted to 0.4 md−1 on average. Spectacular active phases with an
order-of-magnitude flow velocity increase as observed on Allalingletscher have not been recorded
so far.

2.8. Conclusions

The recent changes in Triftgletscher demonstrate nicely that a previously harmless glacier could
become a serious hazard within a few years. There is, in fact, no historical record of any damage
caused by flooding from the Triftwasser. However, the area of the newly formed proglacial lake
has probably already been ice free in historic times during periods of glacial recession (Joerin
et al., 2006). Although very rare in the Swiss Alps, large extent break-off of steep temperate
glaciers have occurred at other glaciers with a similar topography, such as Allalingletscher.

Results from our models indicate that without calving it would have taken 2 years longer for the
lake to form than what was observed. They also indicate that the conditions for sudden release
of a large ice mass (1 million m3 or more) are given for Triftgletscher. Numerical simulations
of ice avalanche dynamics and of the generation as well as the propagation of the subsequent
impulse wave show that damage is only to be anticipated in Gadmertal if the released ice
volume exceeds 1 million m3. In this case, the flood wave is likely to reach the valley 11 minutes
after the release. Triftgletscher is expected to retreat beyond the steep zone within the next
two decades under the present climatic conditions (Müller, 2004). This means that the hazard
of dangerous ice avalanches will persist as long as the critical ice volume (106 m3) in the steep



26 CHAPTER 2. HAZARD ASSESSMENT INVESTIGATIONS ON TRIFTGLETSCHER

zone is exceeded. The measured surface motion time series over the last 5 years show that
they increase in summer to double the winter season values, but in comparison to the observed
velocity changes at Allalingletscher, where the surface motion increased from 0.1 md−1 to
several md−1 within 2-3 weeks, the observed velocity increases at Triftgletscher are small.
However, in view of the poorly known controls and mechanisms of the release of substantial
parts of temperate ramp-type glaciers, there are no rigorous criteria indicating whether an
important icefall is imminent. With regard to the uncertain early warning signs in the case of
Triftgletscher, a safest hazard mitigation strategy is necessary.
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orthophotos. We also thank Swisstopo and R. Hübscher for aerial photographic surveys. We are
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Published, Journal of Glaciology

Citation: Dalban Canassy P., Faillettaz J., Walter F., and M. Huss (2012). Seismic activity
and surface motion of a steep temperate glacier: a study on Triftgletscher, Switzerland. Journal
of Glaciology, 58(209), doi: 10.3189/2012JoG11J104.



28 CHAPTER 3. SEISMIC ACTIVITY AND SURFACE MOTION ON TRIFTGLETSCHER

Abstract: The tongue of Triftgletscher is particularly susceptible to major break-
off event due to its steep slope. In order to detect precursors of such an event,
we monitored the local seismic activity and detected 2426 icequakes with sources
located in an area ranging between 2050 and 2350 m a.s.l. Events triggered by
cracks and icefalls were recorded, but no precise distinction between the two sources
was possible using duration or frequency criteria. Clusters of seismic activity were
located and confirmed by visual observations. We performed a surface motion
analysis and found that surface motion was driven significantly by runoff changes
at the time scale of 2-3 days. By means of a statistical analysis, a power law behavior
of the released seismic energy distribution was discerned at certain times during
the period investigated. Variations in power law exponent values indicated that
low and high energy events predominantly occurred during phases of enhanced and
reduced surface motion, respectively. Substantial releases of seismic energy likely
to signal the glacier recoupling were detected during phases of decreasing runoff.
Clues to potential seismic precursors of break-off events are discussed.

3.1. Introduction

Due to current warming climatic conditions, most Swiss glaciers are retreating drastically
(Glaciological reports, 2009). These changes have given rise to the formation of proglacial lakes
or subglacial water pockets, which can lead to outburst events (e.g., IPCC (2007)). In addition,
glacier tongues can become unstable as glaciers retreat into steeper terrain (Röthlisberger and
Kasser, 1978). According to the inventory of hazardous glaciers in Switzerland (Raymond et al.,
2003), 82 glacierized places are recognized as dangerous, and statistics show that a damaging
event has occurred every 20 years. In the case of unstable glacier tongues or hanging glaciers,
falling ice can trigger snow avalanches or the outburst of glacial lakes. Hazard mitigation mea-
sures may require forecasting of such an event at a daily time scale.

Two types of glacier instabilities exist, mechanical and sliding. The first type arises in the case
of cold ramp glaciers frozen to the glacier bed, where snow accumulation is mostly compensated
with break-off (Faillettaz et al., 2008). A typical example is the Weisshorn hanging glacier,
Switzerland, which is known for periodic break-off events (Flotron, 1977; Röthlisberger, 1981b;
Faillettaz et al., 2008; Pralong and Funk, 2006; Raymond et al., 2003). If a break-off event occurs
in winter, the icefall may trigger a large combined snow/ice avalanche which constitutes a serious
threat to the village of Randa in Mattertal, located downstream from the Weisshorngletscher.
In order to bring to light precursors of such an event, passive seismic and surface displacement
surveys were performed in 2005 (Faillettaz et al., 2008). The authors highlighted a log periodic
power law acceleration of the surface motion before the break-off. They also established a cor-
relation between seismic activity and the imminence of the break-off event. By combining both
observations, they demonstrated that during the initiation of the instability, prediction of the
time of break-off could be improved significantly (Faillettaz et al., 2011a). Seismic characteristics
during the maturation process of an icefall were also surveyed by Caplan-Auerbach and Huggel
(2007) on the Iliamna volcano, Alaska. The authors analyzed the seismic activity in the hours
preceding break-off events and distinguished two precursory phases. First, a period of repeated
seismic events interpreted as slips at the bedrock interface or between layers of ice, and second,
a phase of constant ground-shaking corresponding to the accommodation of the slip through the
deformation of the ice. They suggested this sequence could be used as a warning indicator for
ice avalanche events.

The second type of glacier instability (sliding) may occur in the case of a steep temperate glacier
tongue, where subglacial water pressure may substantially enhance basal motion, and, in certain
cases, a large part of the glacier tongue may become unstable (Röthlisberger, 1987). Such an



3.1. INTRODUCTION 29

event occurred on Allalingletscher, Saastal, Switzerland, in 1965, where the main part of the
tongue broke off and devastated the construction site of the Mattmark dam, killing 88 persons.
Surface motion measurements began just after the event and were pursued in the following
years (Röthlisberger and Kasser, 1978). Characteristic periods of increasing velocity called
“active phases” were detected almost every year, mostly during summer. However, they were
only followed twice by a large extent break-off episode (Röthlisberger, 1981a), indicating that
surface motion alone cannot be used as a precursor. In this context and given the encouraging
results obtained for mechanical instabilities (Faillettaz et al., 2008, 2011a), seismic monitoring
seems to be a promising complementary tool for characterizing changes in the dynamics of steep
temperate glacier tongues, which can lead to large-scale break-offs.

Several studies have shown that glaciers can generate seismic signals called icequakes. In the case
of serac falls located in temperate glaciers, three main seismic sources can be discerned: (i) the
brittle deformation of ice, (ii) glacier basal motion, and (iii) basal hydrology. In case (i) Neave
and Savage (1970) associated high frequency seismic events on Athabasca glacier, Alaska, USA,
with the opening of surface crevasses. A recent study on Columbia glacier (O’Neel et al., 2007)
reported analogous results with icequakes lying within a 10-20 Hz band. The second source of
seismicity (ii) was first documented by Weaver and Malone (1979), who found low-frequency
seismic events that could be related to basal processes such as stick-slip sliding. Deichmann
et al. (2000) confirmed that icequakes could occur at any depth, including near the bedrock.
Walter et al. (2008) studied the seismic activity of Gornergletscher, Switzerland, during the
summers of 2004 to 2006, as subglacial water pressure varied drastically during the drainage of
a glacier dammed lake. They detected several thousands of seismic signals per day and located
about 200 events near the glacier bed. They explained the basal icequake activity by variations
in basal motion caused by water pressure fluctuations. In this case, deep icequakes seemed to be
caused by tensile fracturing near the glacier bed. The third type of seismic event was mentioned
by Lawrence and Quamar (1979). These authors proposed a hydraulic origin for 1-5 Hz seismic
signal exhibiting emergent onset and no clear distinction between compression and shear waves.
They demonstrated that such events were triggered by displacement of water-filled subglacial
conduits. Métaxian et al. (2003) investigated icequakes detected on Cotopaxi glacier, Ecuador.
They interpreted the signals as resonance of water-filled ice cavities, which may be activated by
ice cracking or sudden change in water flow at the glacier base. However, such signals were also
observed in volcanic regions, where the interaction between magma and ground water are likely
to lead to vibrations in fluid filled cracks (Chouet et al., 1994). Seismic emissions associated
with a glacier surge in Spitzbergen (Svalbard) have also been observed (Stuart et al., 2005). The
authors related them to specific basal icequakes and water-filled cracks close to the glacier bed.
The seismic activity can also be caused by the interaction between several sources.

This work presents an analysis of the potential interactions between seismic activity, surface
motion and subglacial water drainage in the steep part of the temperate Triftgletscher (Figures
3.1a and 3.1b) during the summer of 2008. The goal is to explore the seismic response of the
glacier to its dynamics, to assess the different sources of the microseismic activity emitted by
the glacier and to identify possible break-off precursors. The paper is organized as follows:
the method employed to assess both surface motion and hourly runoff is first described and
the associated results are presented. Then the seismic data processing is detailed and the
spatial distribution of the observed seismic activity is discussed. A study of the content of
the background noise and of its influence on the temporal distribution of the seismic activity
ensues. Finally the influence of runoff changes on surface motion at a several days’ time scale
is studied and a statistical analysis of the released seismic energy is detailed. Some clues which
may forecast a break-off are discussed thereafter.
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Figure 3.1.: (a) Location and situation map of Triftgletscher; the three black squares are the
seismic stations; the black circle represents the automatic camera; coordinates are
expressed as in the Swiss coordinate system (CH1903). (b) Frontal view of the
Triftgletscher tongue in August 2008; black squares represent the three seismic
stations; the black arrow close to Station 1 indicates the automatic camera angle
view; the red line marks the boundary of the zone investigated in the seismic survey;
the thick black line illustrates the boundary of the englaciated area.

3.2. Study site and problem definition

Triftgletscher is located between the Gadmer and Hasli valleys in the Bernese Alps in Switzerland
(Figure 3.1a). It has a length of 5.1 km, an area of 15 km2 and its altitude range extends between
3380 and 1651 m a.s.l. Between 2350 and 2050 m a.s.l, it flows over a 35˚steep section towards
the flat tongue. The glacier snout lies in a basin, which is bordered on the north side by a
riegel. The water is drained out of the basin through a narrow canyon, deeply incised into the
riegel. Over the last 15 years, Triftgletscher has retreated substantially from the riegel forming
a proglacial lake containing 5×106 cubic meters of water (Grischott et al., 2010). Because
of the glacier retreat, and the thinning of the lower tongue, the stability of the steep section
behind it is affected, increasing the likelihood of large ice avalanches from the steep section.
The recent intensive glacier thinning in the lower tongue area (6-10 ma−1; Müller (2004)) has
further aggravated the situation as the runout path of the ice avalanches has become steeper.
An avalanche dynamic and a hydraulic study have shown that ice avalanches with more than
one million cubic meters of ice can generate dangerous flood waves, threatening the safety of the
inhabitants of the downstream Gadmertal valley (Dalban Canassy et al., 2011).

3.3. Surface motion computation by Photographic Analysis

Surface motion in the steep part of Triftgletscher was documented with the aid of a 2D photo-
graphic analysis using pairs of consecutive photographs. The pictures were taken every three
hours by an automatic camera (Nikon D200) installed in the vicinity of the Trifthütte (2580 m
a.s.l: Figure 3.1a). Their resolution was 3872×2592 pixels and they offered a view ranging from
about 400 m upstream of the steep part to 100 m behind the end of the terminus. In this
procedure, consecutive images (p1 and p2) were gridded and a grey scale correlation applied.
For each grid point, a 2D vector was obtained where the x and y coordinates referred to the
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Figure 3.2.: Description of the method to determine surface motion. The computations were
performed with pairs of photographs taken at absolute times ti and ti+24h, with
ti+1-ti≤24 hours. Black crosses stand for the middle of each interval and were chosen
to mark them in the analysis. Note that a 3 hour overlap is possible from one pair
to the next.

2 components of the horizontal displacement. For further details, see in Dalban Canassy et al.
(2011). Dalban Canassy et al. (2011) found peak surface velocities ranging from 0.6 to 1.1 m
day−1 in summer and 0.4 m day−1 during the rest of the year. Given that one pixel corresponded
in situ to roughly 30 cm and that the results accuracy was 0.1 pixel, the gray scale analysis was
accurate enough to compute daily surface motion all year.

Due to technical problems, continuous photographs were available for two periods only, from 11
July to 8 August, and from 20 August to 7 September. Moreover, because of the presence of
snow on the objective of the camera, some pictures were unusable in mid July. Photographs
were taken five times a day, at 08:00, 11:00, 14:00, 17:00 and 20:00 local time. In the following,
each shot is associated with the absolute times ti. Surface motion calculations were performed
using pairs of photographs taken at times ti and ti+24h (Figure 3.2). In order to obtain data on
the temporal evolution of surface motion, all the consecutive pairs of photographs time-spaced
less than 24 hours (i .e ti+1-ti≤24 hours) were selected, and the displacements associated with
interval ∆ti,ti+24h were computed. The time associated with a given time interval was the mean
value of both limits (black crosses in Figure 3.2). As we chose ti+1-ti≤24 hours, a 3 hours overlap
between consecutive periods was possible.

Figure 3.3 shows the mean daily surface displacements from 11 July to 8 August in the lower
part of the glacier, for all the points on the mesh grid. Displayed values correspond to the norm
of the 2 components motion vector (black arrows x and y in Figure 3.3) computed for every
point. The size of each pixel varies according to its distance to the camera. For this reason, we
decided to keep results in pixels d−1 and assumed that pixel size variation for the studied area is
not significant with respect to the observed changes in surface motion. The surface displacement
distribution reveals two distinct zones (frames 1 and 2 in Figure 3.3). The first (1) is upstream
of the serac fall and indicates velocities ranging from 1 to 4 pixels d−1. These values characterize
the almost complete flat area. The second zone (2) starts where the glacier becomes steeper
and exhibits velocities greater than 3 pixels d−1. The break of the slope is clearly emphasized
by a sudden motion increase and the largest values (5 pixels d−1) are found in the middle of the
serac fall. Most of the velocities are close to 3.5 pixels d−1, which corresponds to the results of
Dalban Canassy et al. (2011) for summer motion taking a rough pixel size of 30 cm. Note that
on the left side of the glacier, the vertical angle between the camera and the ice is too small and
the pixel analysis becomes inaccurate. This may explain the very small values (≤ 0.5 pixel d−1).
In the next part, the glacial hydrology affecting the serac fall area is discussed.
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Figure 3.3.: Mean daily surface motion (pixels d−1) from 11 July to 8 August. The black
line represents the flowline used for computations in comparison with the modelled
runoff (see below). The two rectangular frames 1 and 2 correspond to the two areas
referred to in the mean daily motion analysis. Arrows labelled x and y represent
the components of a resulting 2D vector motion.

3.4. Runoff data

The subglacial water flow affects the dynamics of the glacier (Iken, 1981), and the emitted seismic
activity is expected to reflect theses changes. For our study period, daily discharge recorded at
a gauging station 2 km downstream the lake were available from hydroelectric company KWO,
(KraftWerke Oberhasli, Switzerland). Water supply from smaller streams between the glacier
tongue and the discharge record station was neglected. Based on these data, we modelled hourly
runoff for the entire catchment above the icefall, whose surface area is 19.1 km2. We used a
temperature-index melt model (Hock, 1999) based on a linear relation between melt rate and
positive air temperature (Ohmura, 2001). The model was run on a grid of 25×25 m as described
by Huss et al. (2008b), Huss et al. (2010) and Farinotti et al. (2011). Runoff was inferred from
liquid precipitation and ice and snow ablation. Snow and rainfall were distinguished with the
help of a threshold temperature. Ablation was assessed at any grid cell i including the effect of
the solar radiation (Hock, 1999):

Mi = (fM + rsnow/iceIpot,i)Ti if Ti > 0, (3.4.1)

where Mi is the melt rate, Ti is the mean hourly temperature at the same location, fM is a melt
factor, rsnow/ice two distinct radiation factors for snow and ice and Ipot,i the potential direct

clear sky solar radiation at the grid cell. For days with Ti < 0˚C−1, no melt occurs. The
spatial distribution of Ti was assessed by means of a constant temperature lapse rate. Hourly
temperature and precipitation data collected at the Grimsel pass climate station (MeteoSchweiz)
were used as input and daily runoffs measured at the gauging station were used for the calibration
(Huss et al., 2008a). As daily discharges were recorded 2 km downstream, we applied a 24 h
time delay to the obtained hourly values, in order to take into account the transit time to
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the gauging station. This value remains hypothetical and must be cautiously considered. The
obtained results range from 0.4 to 11.6 m3s−1, with an inaccuracy of 10% of the interval (i.e.
±1 m3s−1). The errors of the results were assessed considering average values of the modelled
runoff during a given time period. The effective uncertainty for a time interval with N modelled
values ranges therefore between −1√

N
and +1√

N
.

3.5. Seismic analysis

The seismic analysis aims at defining a time series of seismic events with sources located in the
zone of interest (red line in Figure 3.1b) .

3.5.1. Seismic recording

Between 5 July and 16 September 2008 we conducted a seismic experiment using three three-
components seismometers (Lennarz LE-3DLite Mkll) with 1 Hz eigenfrequency combined with
portable digital seismographs (Taurus by Nanometric Inc.). Each sensor recorded continuously
the vertical (Z) and horizontal (E,N) components with a sampling frequency of 100 Hz. The
seismic analysis was performed using all nine tracks termed EI,NI and ZI (for I=1,2,3 labelling
the stations). Two seismometers were deployed at roughly the same altitude (2400 m a.s.l) at
the top of the serac fall, on both sides of the glacier. The third was installed on the Eastern
side near the terminus (1900 m a.s.l.: Figure 3.1b). All three sensors were installed on the rock
about 50 m from the edge of the glacier. Therefore, icequake signals propagated through ice and
rock. Each seismometer was put on the ground and covered up by a plastic container bolted in
the rock, protecting the sensor from the elements.

3.5.2. Seismic event detection

A short-term, long-term average (STA/LTA e.g., Allen (1978)) method was applied with window
lengths of 1 s and 10 s respectively. In this procedure, the root mean square (RMS) amplitudes
of the signal in each window were calculated and the ratio of both windows calculated. When
the resulting ratio exceeded a threshold of 1.5 (Roux et al., 2008), the signal of the corresponding
STA window was retained. Each of the nine tracks was processed and we kept all the events
detected on at least seven tracks.

3.5.3. Seismic source location

6230 seismic events were triggered with sources likely to be located within the glaciated area and
the surrounding ice free zone. The expected seismic sources were: teleseisms, local earthquakes,
rocks falls and microseismicity emitted by the glacier. Teleseisms could be identified by means of
their very low frequency spectrum around 1 Hz as well as with their duration generally greater
than 1 minute. Local earthquakes were removed by help of the Swiss earthquakes catalog (Swiss
Seismological Service (SED)). In order to distinguish the icequakes from the surrounding rock
falls, we locate in the following the sources of the detected events. The first step is to define an
area of survey.

Surveyed zone

We confined the analysis region to the glaciated zone ranging from 2050 to 2350 m a.s.l (red
line in Figure 3.1b and frame 2 in Figure 3.3) and considered seismic events whose sources are
located only in this area. This choice was motivated by criteria linked partly to characteristics
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Figure 3.4.: (a) Three-components event seismogram recorded on ST1, ST2 and ST3 on 5 July
(black line) and particle motion in the horizontal (northeast) and vertical (z-east
and z-north) planes for each seismometer. The colored portions in (a) and (b)
denote the pre-arrival data (red), the S-wave (green) and the Rayleigh wave phases
(magenta).

of the place and partly to the available data. First, this is the steepest place in the serac fall
and consequently the most affected by the destabilization following the appearance of the lake,
as shown by the bigger surface motion highlighted in the photograph analysis. Second, this area
is fully included in the triangular array formed by the 3 sensors, and the points of the DEM are
close to the plane formed by the 3 seismometers. As a result, potential raypaths between the
points of the DEM and the geophones are considerably simplified. Third, visual observations
indicated that the glacier in this area does not exceed 20 m thickness. This allows us to assume
the ice thickness as negligible in the raytracing and thus to ignore the ice-bedrock interface in
the location procedure, as well as the distinction between surface, shallow and deep events. In
the following, we will call it ”zone of interest”.

Particle motion

In order to identify the observed seismic phases, we performed particle motion analysis using
the three components records (Lay and Wallace, 1995). The 3 components seismogram for
one event recorded on 5 July on the three seismometers is shown in Figure 3.4a. Figure 3.4b
exhibits the associated particle motion in the horizontal and vertical planes, for each sensor.
The pre-arrival data, S-wave and Rayleigh wave are depicted by the red, green and magenta
portions respectively. The typical retrograde elliptical motion vertically polarized associated
with Rayleigh waves is identified on ST2 and ST3 and in a lesser extent on ST1. The small
arrival preceding the R-wave motion appears to be perpendicularly polarized, in agreement with
S-wave polarization. In our experiment, we are presented with small arrival time differences
implying that S-wave coda can overlap with Rayleigh wave arrivals. Consequently, it is difficult
to distinguish the two phases. In addition, steep topography implies that Rayleigh waves are
not perfectly polarized in the vertical plane.

Location procedure

With the traditional method of locating seismic sources, also known as Geiger’s method (Geiger,
1910), the hypocenter coordinates (x,y,z) and the origin time (t0) of an event are determined
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using a set of arrival times (tobsk ) obtained from a microseismic network of k sensors (Lee and
Stewart, 1981). For each point, characterized by spatial coordinates (x,y,z) and an origin time
t0, theoretical arrival times from the point to the kth sensor are defined by tcalck = Tk + t0, where
Tk is the theoretical travel time derived using a static velocity model (Lee and Stewart, 1981).
Considering that, the method aims at determining the point where the arrival time residuals
(difference between tobsk and tcalck ) are minimized. This optimization problem is generally solved
by means of a least squares approach, in which the minimum of the sum of the squares of the
residuals is retained.

The source location was achieved using a gridsearch method based on a Digital Elevation Model
(DEM) obtained from Swisstopo aerial photographs taken in 2007. As P- and S-wave arrivals
were most of the time not distinguishable because of the proximity of the seismometers, we used
differential arrival times between ST1, ST2, ST3 in the residuals optimization mentioned above
(Zhou, 1994; Font et al., 2004), in which the computation of the origin time t0 was not necessary.
In this way, the unknowns to be inferred by the inversion process were reduced to source spatial
coordinates (x,y,z). Note that the available DEM does not take into account the ice thickness.
This implies that sources located in the englaciated zone are assumed to be at the surface and
not within the ice mass. It also prevents the consideration of the ice-bedrock interface in the
ray tracing.

The gridsearch was applied on the whole DEM, which includes both ice free and englaciated
areas in order to take into account the potential rockfalls. First results of the procedure were
therefore sources distributed in these two zones, and events located into the zone of interest
were selected at the end. The different steps of the procedure for one event recorded by our 3
sensors are described in the following:

(i) For each station, the S-wave phase arrival times (as shown in Figure 3.4) tobsi (i = 1, 2, 3) were
picked manually, and differential arrival times (τobsij = tobsi − tobsj (i, j = 1, 2, 3)) were derived.

(ii) Each point of the gridded DEM was then considered as a potential source of the detected
seismic event. Assuming a static velocity model, we calculated theoretical time lags. We chose
2300 m s−1 in reference to the value found by Roux et al. (2008) for the S-wave propagation
velocity in granite. This indicates that the part of the raypath located in the ice could be
neglected and thus also the effect of the ice bedrock interface crossing, which was reasonable
for the points in the zone of interest (Roux et al., 2008). Here we consider that this hypothesis
is valid as long as the ice thickness is smaller than the fourth of the dominant period of the
recorded seismic signal. As recorded events mostly show a dominant frequency around 20 Hz
(see event description below), the fourth of the dominant period ranges around 30 m (using the
above mentioned velocity model), which agrees with our assumption. Moreover, Roux et al.
(2008) finally concluded that the relevant velocity parameter was the wave velocity in the rock,
as no significant changes in the source locations were observed after modifications in the ice
velocity model, which also supported our hypothesis.

(iii) Then the least squares minimizations were performed, by comparing both values τobsij and

τ calcij with the error function ǫ (Equation 3.5.1):

ǫ =
∑

ij

∣

∣

∣
τobsij − τ calcij

∣

∣

∣

2

2σ2
ij

(i, j = 1, 2, 3), (3.5.1)

where σij is the standard deviation of delay measurements for seismometers i and j . This stan-
dard deviation must necessarily take into account the uncertainties associated with the time
delay measurements, i.e, in our case, with the picking of the S-wave phase arrivals. The intrinsic
error was half of the sampling rate, i.e 5 ms. Roux et al. (2008) chose this value as standard
deviation, but they employed a cross correlation method for the time delay computation, charac-
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Figure 3.5.: (a) Aerial view of the serac fall and polarization vectors of the Rayleigh wave
(red and blue arrows) for each sensor, for 2 events with sources located in the zone
of interest (red and blue stars). Empty black squares stand for the sensors ; (b)
Particle motion characteristics for the two events (upper row for the source at red
star, lower row for source at blue star) in the horizontal plane, with signal recorded
at each seismometer.

terized by a better accuracy than our manual picking. Considering this, we used 4 half sampling
periods as standard deviation, i.e 20 ms, for the 3 seismometers. The retained source was the
point of the DEM where ǫ was the smallest, i.e, where the observed and theoretical time delays
matched best.

Source location verification

In the following, we verify the performance of the location procedure using the particle motion
analysis (Lay and Wallace, 1995). The observed ground motion of S and Rayleigh waves is
polarized in the transverse-z and radial plane, respectively. We checked the agreement between
location results and particle motion for ten events and present the results for two events with
sources located in the zone of interest (red and blue stars in Figure 3.5a). For each event,
the polarization vector of the Rayleigh wave recorded at each sensor (red and blue arrows in
Figure 3.5a) was determined with the help of the associated particle motion characteristics
(Figure 3.5b). We notice that in both cases, the orientation of the polarization vectors at each
sensor agrees with the polarization of the Rayleigh waves in a longitudinal vertical plane, which
qualitatively validates the location of the sources determined by means of the above location
procedure.

3.5.4. Seismic dataset for the zone of interest

Among the 6320 detected seismic events, 4320 sources were located in the englaciated part of
the DEM, with 2426 of them in the zone of interest. The error location range associated with
the chosen standard deviation of 20 ms is ±47 m.

Types of events

The analysis of the seismic data mainly revealed two different signal types (Figures 3.6 and 3.7)
characterized by their duration and their frequency, similar to the results obtained by Roux et al.
(2008). Note that due to our sampling rate, the frequency range was bounded by a Nyquist
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ba

Figure 3.6.: Two examples of seismic events (a and b) corresponding to a crack opening recorded
on the z-component of ST1, ST2, ST3 and associated normalized spectrograms.

ba

Figure 3.7.: Two examples of seismic events (a and b) recorded on the z-component of ST1,
ST2, ST3 and associated normalized spectrograms. The respective durations are
5.5 and 31 s. These events were assimilated to icefalls with the help of the location
method.

frequency of 50 Hz. The first type of event we observed lasted from 0.5 to 2.5 s and exhibits a
frequency content ranging between 10 and 30 Hz on at least one station. The signal envelope
indicates recurrent patterns, with impulsive onset and smoothly decreasing coda (Figure 3.6).
The duration and frequency content characteristics were nevertheless prone to variations, as
shows in Figure 3.6b. We associate them with crack and crevasse openings (Neave and Savage,
1970; Walter et al., 2008; Roux et al., 2010).

The main characteristic of the second type is the absence of impulsive onset, a duration of
several seconds and a complicated spectrum frequency (Figure 3.7). Figures 3.7a and 3.7b show
two examples with respective durations of 5.5 s and 31 s. The first event exhibits frequencies
ranging from 10 to 30 Hz and the second from 5 to 45 Hz. Both seismograms are characterized
by a spindle shape and combine brief impulses dividing the signal.

Whereas the phenomenon leading to the first type of detected events can be identified reliably,
the potential cause of the second has to be analyzed carefully. Indeed, rockfalls were likely to
occur in the ice-free surrounding zone and the seismic signal associated with such an event was
similar to that triggered by ice block falls. We thus distinguished between ice- and rockfalls by
means of the location considering that rockfalls do not occur in the englaciated area. Moreover,
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Figure 3.8.: Percentage of detected events with respect to their duration.

according to field observations significant rockfalls likely to be detected on the 3 sensors were
not frequent compared to the occurrences of ice block falls. We therefore argue that if certain
inaccuracies between the two phenomena did occur in our analysis, they did not induce significant
changes in our results. Events presented in Figure 3.7 were located in the englaciated area and
thus associated with icefalls. We can notice that, contrary to the events triggered by cracks, they
are capable of exhibiting several impulses, as shown in Figure 3.7. We interpret such patterns
as potential cracks resulting from the impact of the falling blocks.

Events duration analysis

The duration distribution of the 2426 events located in the zone of interest is shown in Figure
3.8, with 1 s bins centered from 0.5 to 31.5 s and increment of 1 s. Note that the completeness
in duration is only reached for value bigger than 1 s, which explains the poor amplitude of the
left-most bar.

Others works on the microseismicity emitted by glaciers presented cracks and crevasses openings
as the main source of the detected seismic activity (Walter et al., 2008; Roux et al., 2008), the
events associated with ice blocks falls occurring much less frequently. We see here that 7% of
the events exhibit a duration shorter than 1 s, 38% last less than 2 s and that more than 8% of
them last more than 12 s. The majority of the detected events lasted therefore less than 2 s, but
the previous events analysis showed that this range of duration includes events associated with
cracks openings, but also with icefalls, which precludes any direct conclusion concerning the
predominance of events triggered by crack opening. The only events whose source mechanisms
can be unambiguously assessed based on their duration are those shorter than 1 s and longer
than 12 s. Indeed, the icefalls we analyzed never lasted less than 1 s, and we assumed that they
were no crack formation leading to as seismic event of 12 s duration.

In this regard, we propose to link events lasting for less than 1 s to crack opening and events
lasting more than 12 s with the occurrence of icefalls. In this way, events of intermediate duration
are likely to be associated with “long” cracks, “short” icefalls, or with potential glacier slip
motions. This point is depicted by the very smooth transition observed between events ranging
between 1 and 2 s and longer events. This indicates that no characteristic event duration can be
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Figure 3.9.: Spatial distribution of the mean location error due to array geometry (a) and
velocity model (b) for DEM points distributed between 2050 and 2350 m a.s.l..
The thick black line marks the englaciated area. The grey elevation lines are at
increments of 200 m.

discerned, and therefore this parameter cannot be used as a criterion for identifying the different
event sources in a precise way.

3.5.5. Error assessment

Two Monte Carlo tests were performed in order to estimate the error in location due to the
array geometry and the influence of the velocity model (e.g., Roux et al. (2008)). We quantified
the effect of the array geometry by relocating sources using synthetic arrival times to which
noise has been added, and the influence of the velocity model was determined by performing
the inversion using different velocity values. We analyzed the results for the DEM points in the
zone of interest.

In the first test, random errors chosen from a Gaussian distribution with a standard deviation
of 20 ms were applied to the three τ calcij obtained for each DEM point, in order to simulate

errors in τobsij . The error range (20 ms) was chosen in agreement with the standard deviation
previously mentioned in the location procedure. The grid search method was then performed
and a theoretical source obtained. The procedure was repeated 100 times. An uncertainty was
then assigned to every point, by taking the average of the distances between the point and the
100 theoretical sources identified (Figure 3.9a). The mean error ranges from 23 to 178 m (Table
3.1). This error is greater for points outside of the array and increases towards the glacier edges
in the East-West direction. Values above 100 m are found West of ST2 and East of ST1, with
extremes above 150 m at points upstream of the steep part.

In the second test, we considered each point of the DEM and computed the set of theoretical
time delays with a randomly perturbed velocity model. The random perturbation, chosen from a
Gaussian distribution, was centered on 2300 m s−1 and we set a standard deviation of 500 m s−1.
The best model fit was selected as the mean velocity model (2300 m s−1), termed reference
model. For a given point, the inversion was performed 100 times by varying the velocity model
according to the above standard deviation. For each run, the obtained τ calcij were compared to
the τij computed with the reference model, using the error function referred to above, and we
retained the mean of the distances between the point and the 100 sources identified. Results
are presented in Figure 3.9b. The mean error ranges from 10 to 208 m (Table 3.1). It exhibits
a similar spatial distribution to array geometry error, with slight discrepancies concerning the
locations of the extreme values which appear also in the vicinity of ST2.
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Table 3.1.: Error range in the event location due to the effects of the array geometry and the
velocity model.

Studied parameter Error range in location

Array geometry 23 m - 178 m
Velocity model 10 m - 208 m

In both cases, we observe that the points within the zone of interest are prone to an error below
50 m. Regarding the above mentioned error location of 47 m and the mesh grid spacing of 25 m,
we consider that a given source location found in the area of interest is reliable to within 50 m.

3.5.6. Spatial distribution of seismic energy emission

Seismic activity can be characterized by two parameters, the number of detected seismic events
and the seismic energy release. Deichmann et al. (2000) and Walter et al. (2008) performed a
cluster analysis, whereas Faillettaz et al. (2011a) employed the energy released by each event
to show that their variation obeyed statistical laws. Energy seems to be more appropriate
for describing seismic activity because its calculation takes into account signal duration and
amplitude, rather than the number of detected events.

Amplitude attenuation

Calculating seismic energy emission is contingent upon correct parameterization of the attenu-
ation of the seismic waves. Indeed, our data set shows that depending on the distance between
the source and a given seismometer, the recorded amplitudes for one event may exhibit dis-
crepancies, which induces bias in the released energy values and consequently in the use of
the associated spatial and temporal distributions. In order to remedy that, we corrected the
recorded seismic amplitudes using (Pasolini, 2008):

A(R) = A0R
−n

2 exp

(

−
πRf

QV

)

, (3.5.2)

where R is the distance between the source and the seismometer, A(R) is the recorded amplitude,
A0 is the amplitude for R=0, n is equal to 1 for surface waves and to 2 for body waves, Q is
a quality factor depending on the medium of propagation, f is a chosen frequency and V is
the employed velocity model. The term R−n

2 accounts for the geometrical spreading and the
exponential term for the effects of anelastic attenuation. From Equation 3.5.2 we then computed
A0 for all detected events with:

A0 = A(R)R
n
2 exp

(

πRf

QV

)

. (3.5.3)

We set V to 2300 m s−1, Q to 100 in reference to attenuation value in granite (Ilyas, 2010)
and set f to 25 Hz. We chose this frequency range because it was the most attenuated one in
spectrograms where discrepancies appeared. R is the distance between the detected source and
ST2. The n value was configured to 1, because as seen in the particle motion study, surface
waves constitute dominant wave phase.
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Figure 3.10.: (a) Spatial distribution of the released seismic energy (arbitrary units) during the
whole period of study. Observed clusters are labelled with letters a to e. The
thick black line marks the englaciated area. (b) Plot of the clusters (red crosses
and letters) on a zoomed view of the zone of interest. The green points in denote
the sources of the 3 events not taken into account in the spatial distribution. The
altitude contour lines (black) are spaced 100 m apart.

Released energy computation

Using these corrected amplitude values, the energy E associated with each detected seismic event
was computed using Equation 3.5.4 (Amitrano et al., 2005):

E =
l

∑

i=1

A2
i δt, (3.5.4)

where Ai is the corrected signal amplitude and δt the sampling rate. This procedure consisted
in picking manually the beginning and the end of the event, and numerically integrating the
signal recorded at ST2.

The spatial distribution of the released seismic energy was achieved in the following way: con-
sidering the whole 74 days dataset, we selected all the seismic events whose source was located
at a similar point and summed up the associated amounts of released seismic energy. Obtained
values were gridded using a nearest neighbor interpolation, in order to have a better outline of
potential clusters. The grid size was 50 m in agreement with the above location error.

One peculiarity of the zone of interest is that cracks, icefalls or glacier slip motions were likely
to occur everywhere in the zone of interest, as much on the edges as at the central part of the
glacier. This means that the location did not allow any precise distinction to be drawn between
the different types of events. Note that some points of the bedrock were taken into account
on the left bank of the glacier, given this place was largely affected by significant icefalls, and
consequently by ice blocks rolling on the rock. Moreover, we chose not to take into account the
three most energetic events, as they exhibit values more than 10 times greater than the others.

The spatial distribution of the released energy is presented in Figure 3.10a. It exhibits clusters
corresponding to points characterized by total released energy of more than 1×109 arbitrary
units. We selected 5 of them, found at various locations and characterized by amounts of
released energy ranging from 1.5×109 to 2.5×109 arbitrary units. The highest energy cluster
(a) is located on the edge of the glacier, the second (b) is found in the middle of the glacier and
the three with the least energy are distributed in the whole area. In order to compare visual
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observations to such cluster organization and therefore to assess the relevancy of the location
method, both of them are shown in a 2D aerial plane of the zone of interest (Figure 3.10b). The
main finding is that the location of cluster (a) is in agreement with the zone where most of the
icefalls were visually observed. This observation is reinforced by the positions of the clusters
(c) and (d), also found in particularly active areas at the glacier edge. The locations of clusters
(b) and (e) are more complicated to interpret because the potential seismicity at these locations
was difficult to assess visually. They convey only the enhanced seismic activity in the concerned
areas.

Influence of the path effect on the signal characteristic

For one given event, we frequently observed discrepancies between the frequency contents ob-
tained from data recorded at ST1, ST2 or ST3. In many cases, we noticed that the released
energy associated with high frequency (higher than 20 Hz) in spectrograms obtained from the
signals recorded at ST1 and ST2 are absent, or very reduced in the one obtained with ST3 (see
Figure 3.6, 3.7). These discrepancies reveal the attenuation affecting the seismic signal recorded
at this station, illustrated for instance by the almost sinusoidal envelope observed for ST3 in
Figure 3.6b. They also point out that no frequency criterion can be used to precisely distinguish
between the different types of events. We notice that the site of the zone of interest implies that
most of its points are located closer to ST1 or ST2 than to ST3. Moreover, the main cluster
shown in (Figure 3.10a) is significantly closer to ST2 and besides, is located on the left bank of
the glacier. This means first that seismic waves detected at ST3 propagated along a longer path
than those detected at ST1 and ST2, and second, that they necessarily crossed the glacier. In
this regard, we suggest the attenuation of the seismic signals may be due to both the length of
the raypath and the transition between the different mediums crossed. This issue addresses the
more general question concerning the lack of information when recording icequakes with sensors
installed in the surrounding ice-free area. A first check would be to compare the seismic signal
of events recorded simultaneously by sensors installed on the bedrock as well as on or within
the ice.

Influence of the trigger on temporal seismic distribution

Water flow at the surface or within the glacier can significantly increase the background noise
and therefore induce a considerable trigger bias as the STA/LTA method is based on signal-to-
noise ratio measurements (Walter et al., 2008). The signal strength of the smallest detectable
seismic event consequently depends on the background noise level, and therefore, at least partly,
on englacial and supraglacial flow. This is illustrated by a higher sensitivity of the STA/LTA
method during time periods of low melt runoff, during which weaker signals are more easily
detected (see double arrows in Figure 3.11a and 3.11b). This bias can be due, for instance, to
the influence of the diurnal melt cycle, which is likely to induce an artificial diurnal pattern in
the temporal seismic activity. Such patterns were identified by Walter et al. (2008), where the
authors consequently retained events with amplitude higher than a chosen threshold. In this
way, variations in trigger sensitivity were taken into account and the observed temporal changes
in the seismic detection represent temporal changes in source activity.

In order to assess the trigger sensitivity variations on Triftgletscher, we analyzed the detected
seismic events following the method used by Walter et al. (2008) on Gornergletscher. The
signal strength of each event was represented by the median of the maximum amplitudes of all
seismometers. Note that we used the non corrected amplitudes and considered all of the 6320
detected events (Figure 3.11a).

The results suggest that the main source of change in the trigger sensitivity was not due to
diurnal but rather to long-term variations in runoff. Note that we smoothed the modelled runoff
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Figure 3.11.: (a) Seismic events (black dots) detected on Triftgletscher from 5 July to 16 Septem-
ber. For the purpose of illustration, only events with amplitudes lower than 1000
counts are shown. The dashed horizontal black line represents the amplitude
threshold of 110 counts from which the event detection appears to be independent
of the background noise; (b) Smoothed modelled runoff at the icefall, calculated
using a 30 hours sliding window; (c) Normalized RMS noise for ST1 (black line),
ST2 (dark gray line) and ST3 (light gray line), and (d) details of the shaded area
in (c), between 2 and 4 August. The RMS noise was calculated using a 1 hour
time window; (e) Minimum detected amplitude according to the smoothed runoff
for each sliding window. The thick black line indicates a linear interpolation with
a correlation coefficient r2=0.82.
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values using a sliding window of 30 hours. A simple temporal comparison between smoothed
runoff values and minimum detected amplitudes shows that both parameters vary similarly,
with increasing smoothed runoff associated with the rise in the minimum detected amplitudes
(Figures 3.11a and 3.11b). Such a relation can be observed in particular on 12 July, 13 August,
6 and 12 September (double arrows in Figure 3.11b). In order to determine an amplitude
threshold allowing the runoff influence to be eliminated, we performed a more precise analysis
by comparing the minimum of the detected amplitudes and the associated mean smoothed runoff
value for each sliding window(Figure 3.11e). The dependency between the two parameters is
pointed out by a correlation coefficient of 0.82, indicating that changes in the trigger sensitivity
are at least partly caused by runoff variations. As the considered amplitudes do not exceed
110 counts, this value appears to be a satisfactory threshold. We also notice that residuals
of the linear interpolation tend to increase for large runoff values (Figure 3.11e). This can be
illustrated for instance by the small amplitudes detected around 2 August (Figure 3.11b), when
runoff was close to the maximum observed value. In this case, the influence of runoff activity
on trigger sensitivity was reduced.

In order to define more accurately the impact of background noise on the seismic signal, we an-
alyzed the signal strength by calculating the rms, which expressed both the seismic activity and
the background noise, for successive temporal windows of one hour (Equation 3.5.5) (Amitrano
et al., 2007):

rms = δt

√

√

√

√

n
∑

i=1

1

n
A2

i , (3.5.5)

where n is the number of points included in the time window, A is the signal amplitude and δt is
the sampling period. The calculations were made on the vertical and the horizontal components,
but the results showed no significant difference between the two. Figure 3.11c shows the results
for ST1, ST2 and ST3 using the vertical components. We first notice that the highest seismic
noise was recorded by ST3, whereas ST1 and ST2 exhibit similar values. One explanation is
the presence of several streams in the close vicinity of ST3, and also the proximity of moraines,
where numerous local rockfalls occurred. Three peaks are distinguished, on 5 and 15 July and
11 August. The first two were triggered by teleseisms and the third was associated with changes
in runoffs. No rms peak is observed around 2 August, confirming the above mentioned limited
role played by runoff in ambient noise at this time.

The subdaily analysis during a 2 day time period (shaded area in Figure 3.11c) indicates clear
diurnal patterns for ST1 and ST2, with minimum rms noise at 4:00 and maximum at 16:00. The
seismic signal, at least for these two stations, appears to be affected also by the diurnal melt
cycle. One reason for the absence of significant diurnal influence in the signal coming from ST3
may be that the streams flowing close to the sensor are not connected to the glacier, decreasing
the dependence of the signal on the time of day. Except for the water drainage diurnal pattern,
the rms noise does not show a spatial pattern, neither at a daily nor at a subdaily time scale.

After applying the threshold value of 110 counts on the 2426 events located in the zone of
interest, we consider in the following only the 1792 events remaining.

3.6. Discussion

Our analysis demonstrates the following results: first it is possible to monitor the acoustic
emissions originating from the glacier with seismometers not directly installed on the ice. Second,
the local microseismic activity on Triftgletscher is due mostly to crack openings and icefalls;
however these two sources cannot be distinguished precisely by means of the duration or the
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frequency content. Third, the released seismic energy appears to be spatially organized and
cluster locations support visual observation. Moreover, the consideration of the influence of
trigger appears to be crucial to the assessment of the temporal evolution of seismic activity.

Using a statistical approach, Faillettaz et al. (2011a) showed that for mechanical instabilities,
an increasing surface motion prior to the break-off in 2005 on Weisshorngletscher was correlated
with a rising seismic activity, and defined this rise as a relevant precursor of potential break-off.
We propose in the following to investigate the potential relationship between runoff, surface
motion and released seismic energy with the help of such a statistical law, and to assess whether
seismic precursors for break-off events can be determined in the case of sliding instability.

3.6.1. Runoff data and basal water pressure

Using ice thicknesses and slopes measured in the central part of Unteraargletscher, Switzerland,
Iken (1981) studied the relationship between enhanced glacier motion and the growing size of
basal water pockets due to increasing water pressure, by means of an idealized numerical model.
The sliding phenomena observed at Balmhorngletscher and Allalingletscher (Röthlisberger and
Kasser, 1978; Röthlisberger, 1981a, 1987) were also explained by means of this process. Walter
et al. (2008) observed a significantly higher basal seismic activity during periods with decreasing
subglacial water pressure. Subglacial water pressure changes thus play a crucial role in glacier
dynamics and are consequently connected to its seismic response. In our case, only daily runoff
and modelled hourly runoff data are available and a key question is their reliability for inferring
the subglacial water pressure variations. Anderson et al. (2004) and Bartholomaus et al. (2008)
observed a strong feedback between subglacial hydrology and sliding for Bench and Kennicot
glaciers in Alaska. In both studies melt runoff and precipitation were used, which indicates that
melt runoff can reasonably be identified with basal runoff and subsequently may be linked to
subglacial water pressures. Regarding these results, we will assume in the following that runoff
changes are associated with basal water pressure variations.

3.6.2. Comparison between runoff and surface motion

In order to assess the influence of the runoff on the surface motion at a timescale of several
days, we compared for each of the time intervals ∆ti,ti+24h the mean surface motion and the
associated mean modelled runoff values. As we aimed at focusing on the zone of interest, we
determined surface motion from points located on a flow line (black line in Figure 3.3) chosen
in the middle of this area. For each interval, the retained runoff was the mean of the modelled
values.

Results are presented for two periods of study running from 26 July to 7 August (Figures 3.12a)
and from 26 August to 6 September (Figure 3.12b). Runoff values were smoothed with a 24 hour
overlapping sliding window. Indicated times correspond to the middle of each temporal interval
(black crosses in Figure 3.2). The temporal evolution of the correlation coefficient (r2) between
the two parameters using sliding windows of ten values is shown by the bars at the bottom of
the figures. r2=1 indicates a perfect correlation while r2=-1 means that both parameters are
anti correlated. The runoff error (vertical lines) allows to consider runoff changes at a several
days’ time scale only, because of the low amplitudes observed in the variation from one 24 hours
period to the following.

The first studied period (26 July to 7 August, Figure3.12a) exhibits mean runoff values from 5.4
to 7.5 m3 s−1 and surface displacements ranging from 2.7 to 4.1 pixels d−1. The surface motion
shows three main peaks P1, P2 and P3. In the time period running from P1 to P3, changes in
surface motion are satisfactorily explained by runoff variations (r2 >0.4). The smallest values
may be due to punctual time shifts between the two parameters. Before P1, r2 are negative, both
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Figure 3.12.: Smoothed mean modelled runoff (blue line), surface motion (red line) for time
periods from (a)26 July to 7 August and (b)26 August to 6 September. For each
of the runoff and surface motion, one given value is computed for each of the time
intervals ∆ti,ti+24h indicated in Figure 3.2. Mean surface motion is computed using
points distributed on the flow line indicated in Figure 3.3. Bars show the evolution
of the correlation coefficient. Data were obtained with sliding windows of 10 values
of both parameters. Observed peaks of motion are labelled P1-P6. Blue vertical
lines denote runoff error.

parameters being anticorrelated. We propose to interpret the strong increasing runoff coupled
with a slightly decreasing motion as a water storage process caused by an inefficient drainage
system. This storage may be coupled with an increasing basal water pressure likely to lead to
P1 when a pressure threshold is exceeded.

The second period (26 August to 6 September, Figure 3.12b) exhibits mean runoff values between
3.5 and 6.5 m3 s−1 and surface displacements ranging from 1.0 to 2.1 pixels d−1. We notice
that both studied parameters evolve in lower ranges than during the first studied period and
that they both exhibit a positive trend. Three peaks of motion P4, P5 and P6 are observed.
Runoff changes satisfactorily explain surface motion until the middle of P5 (r2 >0.4). After P5
r2 are negative or close to 0, but both parameters still exhibit a common positive trend. This
indicates that the influence of the runoff on the surface motion decreased at this time, but that
the positive correlation at a timescale of several days is still verified.

This analysis brings to light several results: first that a good agreement between changes in
runoff and surface motion is most of the time supported by r2 higher than 0.4, or at least
by a similar trend for both parameters. Second, that potential inefficiency of the basal water
drainage system can explain the observed discrepancies. Third, that the comparison between
the two periods of survey (late July and late August) shows that a higher range of runoff was
associated with a higher range of surface motion. Regarding these findings, we consider that
changes in motion at a timescale of 2-3 days can reasonably be approached by means of the
modelled runoff variations.
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Figure 3.13.: (a) Complementary cumulative size-frequency distribution (CSFD) (Pr(E≥e)) of
icequake energy (E (arbitrary unit)) for the whole dataset.

3.6.3. Seismic sources differentiation with a statistical analysis

We previously saw that neither the frequency content nor the event duration allow the different
seismic sources to be distinguished precisely. In this part, we investigate whether the latter
could be differentiated by means of a statistical analysis of the released seismic energy. Our
study is based on the method described by Faillettaz et al. (2011a). In order to assess the size-
frequency distribution of the detected icequake energy for the whole dataset, we first determined
its complementary cumulative size-frequency distribution (CSFD) (Figure 3.13). The CSFD
indicates the probability Pr(X≥x) that a variable X takes a value greater than a given value x
(Faillettaz et al., 2011a). In our case, it denotes the probability that the energy (E) released
by an icequake will exceed a given value e (Pr(E≥e)). For dependant occurrences, the CSFD
is well fitted by an exponential function p ∼ a × exp(bx). By contrast, a CSFD generated by
independent events is fitted by a power law p ∼ x−β (Faillettaz et al., 2011a). As no break-off
was observed during the studied period, we assume the detected events to be independent. A
power law is characterized by a given exponent β, estimated using the Maximum-Likelihood
fitting method with goodness-of-fit based on the Smirnov test (Clauset et al., 2009). For a given
time series of icequakes released energy, the plausibility of the power law was quantified using
the p-value generated by this goodness-of-fit test and we accepted the power law hypothesis for
β values higher than 0.2. For more details, see Faillettaz et al. (2011a).

Change in β expresses modifications in the size frequency distribution, i.e, in our study, changes
in the distribution of the released seismic energy. A high β value conveys a low number of high
energy events compared to low energy events occurrences, and low β value conveys the opposite.
In the following, high energy events are called “big events” and low energy events “small events”.

The size frequency distribution shown in Figure 3.13 is characterized by a p-value of 0 rejecting
the power law hypothesis. This result can be explained by the excess of events found around
109 arbitrary units preventing any power law fitting. Here again, the different sources of energy
are mixed up with each other and no distinction is possible.

For a more accurate analysis, we scrutinized the temporal variation of the CFSD, using a moving
window of 200 events with a time shift of 10 events. For each window, the distribution of the
released seismic energy was assessed and the power law hypothesis tested. Results are shown
in Figure 3.14. Over the 159 considered time windows, 148 (empty symbols) are characterized
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by CFSD generated by a power law. Moreover, the associated β exponent significantly varies
with time from approximately 1 to 1.9, thereby denoting changes in the released seismic energy
distribution. Two examples of CFSD with a p-value higher than 0.2 are depicted at the top of
Figure 3.14. In both cases we see a good agreement between the distribution and the power law
(dashed black line) with, nevertheless, discrepancies for the most energizing events.

In order to assess the meaning of these β changes, we compared their evolution with the modelled
runoff time series (Figure 3.15). The analysis was performed using sliding windows of 200 events
with a time shift of 10. The runoff value associated with each window was the mean of the runoff
modelled during the interval. With regard to observed changes in runoff regime, and therefore
in the surface motion with reference to what was shown above, two ranges of β values r1 and
r2 were defined (shaded areas in Figure 3.15). The lowest (r1), chosen between 0.95 and 1.15 is
associated with the lowest observed runoff values. At these times big events were predominant
with respect to small events. The second (r2), chosen between 1.4 and 1.9, concerns times
intervals when runoff was largest or increasing. At these times the seismic activity was mostly
due to small events. The CSFD characterized by intermediate β values refer to transition
phases between r1 and r2. During periods of increasing surface motion, β values generally rise,
conveying a transition towards small events. During periods of decreasing motion, the contrary
happened.

The influence of surface motion (through runoff changes) on the released seismic energy dis-
tribution (β values) is well established from the beginning of the studied period until the end
of August. The discrepancy existing the rest of the time might be explained by the poorer
agreement between runoff and surface motion during this period (see Figure 3.12b).

In order to assess what type of events are most likely related to r1 or r2, we examined the
CSFDs (Figure 3.16) of events unambiguously triggered by cracks (shorter than 1 s) as well
as of those most likely triggered by icefalls (longer than 12 s). We see that both follow a
power law. Moreover, we notice that the β value of the crack events distribution (Figure 3.16a)
ranges in r2 while the second one (Figure 3.16b) is included in r1. This may indicate that
events occurring during rapid surface motion could likely be triggered by crack openings, and
that low or decreasing surface motion may favor the highest energy events, for instance large
extent icefalls. The events characterizing the transition phases may be linked to intermediate
events as “long” cracks or “low extent” icefalls. They also may correspond to glacier slip motion
events, but no clue allowed us to distinguish them precisely. However these statements are to
be considered carefully, given the poor p-value associated with the CSFD of the icefalls events.

3.6.4. Seismic precursors for break-off

We saw above that β value changes are associated with modifications in the distribution of
released seismic energy. However, this analysis was applied to reduced time windows, and a
longer investigation time scale of both the released energy and the runoff appeared relevant,
especially for detecting potential seismic precursors for break-off.

The temporal evolutions of released seismic energy and runoff (Figure 3.17) exhibit three peaks
E1, E2, E3 and Q1, Q2, Q3 respectively. We assume that only the descending phase of Q1 is
visible. By removing the three highest energy events from the time series (thin dashed black line
in Figure 3.17), we notice that both duration and amplitude of the energy peaks were strongly
conditioned by the occurrence of these events (green and red circles in Figures 3.10a and 3.17
respectively). However, as these events emphasized pre-existing lower extent peaks, we consider
E1, E2 and E3 as being reliable, in spite of the influence of the sliding window analysis.

E1, E2 and E3 were similarly coupled with minimum or decreasing runoff, i.e, with low or
decreasing basal water pressure and finally with low or decreasing surface motion. Such phases
may coincide with glacier recoupling processes, likely to cause the observed energy peaks.



3.6. DISCUSSION 49

10
6

10
7

10
8

10
9

10
10

10
−3

10
−2

10
−1

10
0

P
r(
E
 
³
 e
)

e

28 Aug 2008 12:53:50

10
6

10
7

10
8

10
9
10

10
10

−3

10
−2

10
−1

10
0

P
r(
E
 
³
 e
)

e

01 Sep 2008 15:50:14

12/07 22/07 01/08 11/08 21/08 31/08 10/09
0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

Time (dd/mm)

β
 v

a
lu

e

β = 1.08 β = 1.85

Figure 3.14.: The lower plot shows the evolution of the exponent β of the power law fitting the
CSFD (Pr(E≥e)) obtained in running windows of 200 events with a time shift of 10.
Empty symbols indicate fits with a p-value>0.2, i.e, when a power-law behaviour
is plausible. The horizontal lines refer to the sliding window size. The vertical
lines indicate the goodness-of-fit for each β value. The two plots on the top show
details of CFSD obtained in two of the windows.



50 CHAPTER 3. SEISMIC ACTIVITY AND SURFACE MOTION ON TRIFTGLETSCHER

14/07 24/07 03/08 13/08 23/08 02/09 12/09
0.5

1

1.5

2
β

Time (dd/mm)

 

 

2

4

6

8

R
u

n
o

!
(m

3
 s

−
1
)

 

 

runo!

β value

r1: 0.95< β<1.15

r2: 1.4< β<1.9

Figure 3.15.: Temporal evolution of β exponent (black line) and modelled runoffs (blue line)
obtained in running windows of 200 events with a time shift of 10. The circles
indicate the windows characterized by a p-value≥0.2. The two shaded areas stand
for the β value ranges we called r1 and r2. Blue vertical lines denote runoff error.

10
6

10
7

10
8

10
9

10
10

10
−3

10
−2

10
−1

10
0

P
r(

E
 ≥

e
)

e
10

7
10

8
10

9
10

10
10

11
10

−3

10
−2

10
−1

10
0

P
r(

E
 ≥

e
)

e

a b β=1.05

p−value=0.3

β=1.40

p−value=0.98

Figure 3.16.: CSFD (Pr(E≥e)) for events shorter than 1 s (a) and longer than 12 s (b).



3.6. DISCUSSION 51

14/07 24/07 03/08 13/08 23/08 02/09 12/09
0

1

2

3
x 10

8

R
e

le
a

se
d

 s
e

is
m

ic
 e

n
e

rg
y

 (
a

rb
it

ra
ry

 u
n

it
s)

Time (dd/mm)

 

 

2

4

6

8

R
u

n
o

!
(m

3
 s

−
1
)

released energy

runo!

Q1

E3E1

E2

Q2

Q3

Figure 3.17.: Modelled runoff evolution (blue line) and released seismic energy with (green
line) and without (dashed black line) the three highest energy events of the time
series (red circles), obtained with sliding windows of 200 events and a time shift
of 10. Peaks of released energy and runoff are labelled E1,E2,E3 and Q1,Q2,Q3
respectively. Blue vertical lines denote runoff error.



52 CHAPTER 3. SEISMIC ACTIVITY AND SURFACE MOTION ON TRIFTGLETSCHER

Figure 3.18.: High energy seismic event of 23 July recorded on the n-component of ST1, ST2
and ST3 (left) and associated normalized spectrograms (right).

The three highest energy events show their sources in the top middle part of the serac fall (see
Figure 3.10b) and lasted between 8 and 12 s. The associated seismograms present a similar
spindle shape, combined with several consecutive strong impulses, and emit a maximum energy
at a frequency around 10 Hz on the three spectrograms, as shown in Figure 3.18. Moreover, the
three of them were recorded during decreasing runoff. Given these characteristics, we suggest
they were most probably not triggered by icefalls, and propose to associate them to the glacier
recoupling. The observed strong impulses may illustrate the jerky motion of the glacier at
this time, due to the increased grip of the ice on the bedrock caused by decreasing basal water
pressure. On this assumption, we suggest that such an event may have characterized a decreasing
glacier slip motion. This is supported first by the location of the associated sources, in the
steepest part of the zone of interest, and second, by the duration and frequency (Weaver and
Malone, 1979).

For sliding instabilities, as in the case of Triftgletscher, Röthlisberger (1981b) showed that break-
offs are preceded by surface motion accelerations called “active phases”, but he also showed that
these phases are not always followed by a break-off. For such an event, he suggested that changes
in the subglacial drainage system during the “active phase” induce the recoupling of the ice with
the bedrock, which in turn stops the enhanced sliding phase. Our findings tend to support this
assertion in the sense that in our study, the recouplings accompanying the falls of basal water
pressure are illustrated by the observed energy peaks E1, E2 and E3.

However, we propose that the energy amount released during the recoupling phase may also
weaken the glacier by damaging the ice and possibly lead to a break-off. In this way, a potential
seismic precursor may be the detection of a peak of released energy similar to E1, E2 or E3, this
peak indicating the temporary weakness of the glacier and therefore an enhanced break-off risk.
A more precise clue for enhanced break-off risk may also be the detection of seismic event similar
to those we associated above to glacier recoupling, as they denote the temporary weakness of
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the glacier in a more confined time interval. This nevertheless remains uncertain as we only
detected three such events. The influence of the ice recoupling on break-off risk appears thus to
change according to the considered time scale. If at a long-term time scale it can point out an
aborted break-off event, it may also be interpreted as an enhancing factor during the time when
it occurs, due to the potential destabilization it can induce.

The seismic method also brings two main improvements compared to the surface motion criteria:
(i) It enables the dynamics of the ice mass as a whole to be monitored continuously, whereas
surface motion measurements provide only point measurements. We can therefore expect a more
reliable detection of the “active phases” and thus a greater relevancy of the latter with respect
to potential break-off prediction. (ii) In a more practical way, seismic monitoring is independent
of the prevailing meteorological conditions, which is not the case for surface motion monitoring.

3.7. Conclusions

A high seismic emissivity was recorded from the steep part of Triftgletscher. Focusing on the
englaciated area ranging from 2050 to 2350 m a.s.l, 2426 events were detected over the 74-day
period of study. Events associated with crack openings and icefalls were recognized but neither
the duration nor the frequency content allowed a precise distinction to be made between the two
sources. The event detection sensitivity was influenced significantly by the water flow intensity,
which also partly explains the observed background noise. Icequake clusters were depicted in
the spatial distribution of the released seismic energy and showed a good agreement with visual
observations of the seismic activity, supporting the relevancy of the used location method. The
surface motion affecting the zone of interest appeared to be satisfactorily explained by runoff
changes, which allowed us to compare the seismic activity with the glacier dynamics over the
entire period of study. The distribution of the released seismic energy was investigated by means
of a statistical analysis and two regimes of seismicity were highlighted. Low and high energy
events were detected predominantly during periods combined with high and low surface motion,
respectively. We characterized glacier recoupling by peaks of released energy and proposed two
potential seismic precursors for break-off based on this: a peak of released energy ranging over
several days, or more hypothetically, the detection of a very high energy event likely to indicate
glacier recoupling.

As a next step, valuable information is expected to be revealed about the source mechanisms
by drawing a more accurate distinction between the various events. The lack of information
linked to the crossing of the ice interface could be investigated by comparing signals recorded
simultaneously in the ice and on the bedrock. Active seismic experiments should, in theory,
enable wave velocity and potential wave paths through the complex medium formed by the
glacier and the underlying bedrock to be assessed accurately.
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CHAPTER 4. INVESTIGATING DYNAMICS OF AN ALPINE GLACIER USING

PROBABILISTIC ICEQUAKE LOCATIONS

Abstract: In order to improve our understanding of the dynamics of potentially
unstable steep glaciers tongues, we monitored during summer 2010 the micro seis-
micity of Triftgletscher, Switzerland. Our system, comprising 8 three-components
seismometers coupled with the ice surface, was installed upstream of the glacier’s
tongue which is likely to evolve towards an unstable regime. Complementary sur-
face motion and proglacial runoff measurements allowed the icequake activity to be
interpreted in terms of glacier dynamics and hydraulics . The strong contrast in
seismic waves velocities due to the underlying bedrock was taken into account using
a three-dimensional (3D) velocity model, implemented in a non-linear probabilistic
location procedure allowing to accurately define the hypocenter uncertainty. We
located 120 icequakes, with a focal depth accuracy that allowed distinguishing be-
tween shallow events (87 events) and near-bedrock icequakes (33 events). The first
motions of most of the deep events argue against pure shear sources expected in
case of stick-slip motion, and our suggested source mechanism is a superimposed
tensile crack and shear dislocation. The analysis of surface strain showed that near-
surface events represent the opening and transverse extension of surface crevasses
in a confluent flow regime. Together with the temporal distribution of near-surface
icequakes, it is shown that phases of enhanced extension at the breaking edge are
associated with an increasing shallow seismic activity.

4.1. Introduction

There exists a wide variety of seismic signals related to glaciers and their dynamics. A subset
of these signals, which we will refer to as “icequakes”, is directly emitted by brittle deformation
within the glacier ice or its underlying bed. Precise characterization of icequake sources therefore
offers valuable insights into local stresses, faulting and basal sliding. Icequake hypocentral
location is a particularly important source parameter. The less accurately it is known the more
difficult it is to interpret icequake records in terms of glaciological processes.

The most common icequakes are near-surface events (0-30 m deep), which mark the growth of
crevasses (Neave and Savage, 1970; Mikesell et al., 2012). Roux et al. (2010) used these events
to detect changes in the surface strain tensor in response to lake calving and drainage events
on Alpine glaciers. A number of previous investigations of surface icequakes have provided only
rough constraints on source depth (Dalban Canassy et al., 2012; Walter et al., 2008; Weaver and
Malone, 1979; Roux et al., 2008). However, a reliable determination of the focal depth of near
surface events could reveal vertical crevasse maximal extension, and thus help estimate vertical
variations of the Arrhenius constant of Glen’s Flow Law (Paterson, 2002).

Deichmann et al. (2000) were the first to constrain reliable hypocenters for icequakes near the
bed of a Swiss Alpine glacier. Such basal events occur less frequently than surface crevassing
events, and usually after periods of water-enhanced glacier sliding, when the glacier recouples
to its bed (Walter et al., 2008). More quantitative interpretation of basal icequakes is inhibited
by high vertical uncertainties of hypocenters, which do not allow for distinction between events
occurring at the ice-bedrock interface, within the underlying substrate or within the overlying
ice layers.

Icequakes measured near Antarctic ice streams (Smith, 2006; Danesi et al., 2007) have been
interpreted as stick-slip motion, which is driven by the accumulation and release of elastic strain
resulting in sudden sliding episodes of the ice mass along the underlying bedrock (Winberry
et al., 2013). Such result was derived based on compelling geodetic measurements (Wiens et al.,
2008; Walter et al., 2011) or epicenters and first motion polarity associated with P-waves (Zoet
et al., 2012b; Anandakrishnan and Bentley, 1993). However, uncertainties in source depths
inhibit an accurate location with respect to the ice stream base, which, in turn, leaves room for
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speculations on the nature of stick-slip motion.

In contrast to shallow seismicity, the source mechanisms of deeper icequakes remain elusive and
are currently debated in the glaciological community. Using moment tensor inversions, Walter
et al. (2010) show that a subset of basal events beneath Gornergletscher (Switzerland) are
related to tensile fracturing associated with opening of cracks. On the other hand, Zoet et al.
(2012a) suggest that seismicity recorded near the base of various glaciers is related to shear
dislocation associated with stick-slip motion. Classifying under which glaciological conditions
the two proposed mechanisms occur requires once again reliable constraints on hypocentral
locations and meaningful uncertainties thereof.

Finally, icequake hypocenters also play a crucial role in the context of breaking-off events of
hanging glaciers (Faillettaz et al., 2008, 2011a). Damage theory predicts crevasse development
and shear failure above the frozen bed prior to the breaking-off (Pralong et al., 2005). Therefore,
accurately located icequakes could serve as indicators for imminent breaking-off events. So far,
seismic early warning systems have relied on single-station-derived event statistics involving no
spatial resolution of icequake sources (Faillettaz et al., 2008, 2011a).

The above examples illustrate that hypocenter locations are key to correct interpretation of
the occurrence of icequakes. Events recorded on four or more stations can in principle be
located, especially since glacier ice is often highly homogeneous (e. g. Deichmann et al. (2000)).
However, as study sites are often difficult to access and approximate icequake location is usually
unknown prior to instrument deployment, seismometer network geometries are rarely ideal. This
is a considerable drawback, because source-station geometry determines location uncertainties,
together with inaccuracy in determining arrival times of seismic phases (henceforth “picking”).
Uncertainties may furthermore increase, as the seismic velocity model of the glacier bed is usually
poorly known at best.

For the analysis of icequake source mechanisms in terms of glaciological processes, dynamic and
hydraulic measurements represent a useful complement to hypocenter location. The relationship
between deep events and basal sliding fluctuations pointed out by Walter et al. (2008) could
not have been derived without precise GPS and borehole pressure data. Similarly, Roux et al.
(2010) demonstrated the predominant control of glacier surface deformation on recorded shallow
seismic activity using detailed geodetic measurements of the surface displacements.

The present study focuses on seismic data from Triftgletscher, Switzerland, which has been
monitored since 2007 due to its steep tongue prone to break-off (Dalban Canassy et al., 2011;
Dalban Canassy et al., 2012). Using continuous seismic records from an on-ice campaign network
we determine icequake hypocenters with a non-linear probabilistic approach (Lomax et al., 2000)
and a three-dimensional P-wave velocity model that accounts for the complex topography of
bedrock and glacier surface. We assess location accuracy and precision by relocating blasts
with known locations and by analyzing traditional error ellipsoids and confidence regions of the
probability density function (PDF). Our results show that the PDF for icequakes located inside
the network is well-defined and corresponding location accuracy and precision are small (in the
range between a few meters to a few tens of meters). Icequakes located outside of the network
show a complex PDF. For these events traditional error ellipsoids provide a poor approximation
of location precision. Nevertheless, we achieve a location accuracy of a few tens meters for
these events. Our locations confirm icequake sources near the glacier surface as well as near
the bed. With the help of seismic waveform characteristics, glacier surface motion, geodetic
measurements and proglacial runoff data, we interpret the seismic location results in terms of
glacier dynamics.
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Figure 4.1.: (a) Location of Triftgletscher with Swiss Grid coordinates. The red frame denotes
the study area. The red dot at the terminus indicates the location of the water
pressure sensor in the proglacial stream. (b) Orthophotograph of August 2010
showing the study site (black frame) with locations of seismometers (green triangles),
boreholes for controlled blasts (black crosses) and GPS sites (blue dots). At the
northern edge of the image, heavy crevassing marks the break in bed slope at the
head of the steep glacier tongue. The black contour lines represent the surface
elevation with increments of 50 m. Helicopter-based radar profiles where flown
along paths marked by the red lines.

4.2. Study site

Triftgletscher glacier is located between the Gadmer and Hasli valleys in the Bernese Alps
(Switzerland) (Figure 4.1a). It flows from 3380 to 1651 m a.s.l. over a distance of 5.1 km and
covers a surface of 15 km2. The glacier tongue extends from 2350 to 2050 m a.s.l on a 35˚steep
section and ends in a basin bordered on the northern side by a riegel.

In absence of englacial temperature measurements, the thermal regime of the glacier in the study
area remains unclear. However, some clues can be considered for allowing us to assume with a
fair confidence that the ice is temperate at our study site: First the maximal elevation of the
accumulation area of Triftgletscher (3380 m a.s.l), which appears relatively low with respect to
other glaciers where a polythermal regime was observed (Suter and Hoelzle, 2002). Second, we
could not observe any refreezing closure in 3 boreholes drilled to the bedrock vicinity and filled
with water over the 3 weeks of observation. In this context, and in the absence of definitive
evidences, we assume the ice in the investigated area to be temperate.

Over the last 15 years, Triftgletscher has retreated substantially and a proglacial lake containing
5×106 m3 of water (Grischott et al., 2010) formed in front of the glacier terminus. The retreat
resulted in the destabilization of the tongue, increasing its flow speed and causing frequent
avalanches on both sides of the terminus (Dalban Canassy et al., 2012). If the entire ice tongue
slides into the lake or if volumes of ice avalanches exceed 106 m3 potential flood waves are a
threat to the downstream Gadmertal valley (Dalban Canassy et al., 2011).

4.3. Field measurements

The goal of the field experiments was to characterize the dynamics of the potentially unstable
tongue of Triftgletscher. However, rugged topography prevents direct on-ice monitoring of the
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glacier tongue (Dalban Canassy et al., 2012). Consequently, field experiments were focused on
the weakly sloped area upstream (south) of the unstable tongue (Figure 4.1a).

4.3.1. Seismic monitoring and blasts

Between 14 July and 5 August a seismic network was installed at altitudes between 2400 and
2350m a.s.l (Figure 4.1b). The instrumentation consisted of one Geometrics GEODE seismic
recorder connected to 8 three-component, 8 Hz borehole seismometers (Geospace GS-11D) in-
stalled in ca. 1 m deep boreholes. Each sensor continuously recorded the three components
of ground velocity (vertical, north-south, east-west) at a sampling frequency of 1000 Hz. The
presence of surface crevasses as well as cables between sensors and GEODE limited the network
aperture. Six sensors were arranged in an approximate circle. The remaining two sensors were
placed north of the circle within a crevasse field near the head of the unstable glacier tongue.

In order to constrain englacial and subglacial seismic velocities, three explosive charges (Riodin,
≈8 kg) were detonated at the bottom of boreholes, (b1 b2, b3 with respective depth of 106, 120
and 106 m). In addition, a fourth explosion (b4) (≈50 g) was detonated at the glacier surface
(Figure 4.1b).

4.3.2. Surface motion

In order to measure glacier surface motion, two transverse profiles of 6 and 5 stakes respectively
were installed into 1 m deep boreholes within the study area (Figure 4.1b). The positions of the
top of each stake were surveyed with differential GPS (Leica System 500) once or twice a day
depending on weather conditions. Following Sugiyama and Gudmundsson (2004), we estimate
positioning errors of 3 and 5 mm in the horizontal and vertical direction, respectively. Within
the inaccessible serac fall, surface motion was monitored using terrestrial photographic methods
as described in Dalban Canassy et al. (2012). The feature-tracking technique (Chao and Sutton,
1993; Dost et al., 2003) is applied to daily photographs of an automatic camera (Nikon D200)
located east of the glacier tongue (Figure 4.1a). Displacement were calculated as pixel d−1 along
the central flowline.

4.3.3. Glacier geometry

In order to approximate the glacier’s surface geometry we use a Digital Elevation Model (DEM)
derived from aerial photogrammetry (Swisstopo pictures) (Figure 4.1b). At a grid spacing of
5 m the estimated uncertainty is ±0.2 m.

Bedrock topography was determined from helicopter-based radar surveys carried out in spring
2008 and winter 2012. The data were acquired with the University of Münster Airborne Ice
Radar (UMAIR; Blindow (2009)). The system has a central frequency of 30 MHz and is de-
signed as a sling load from a helicopter which makes it suitable for smaller glaciers with steep
surrounding terrain. The procedure is described in detail in Ryser et al. (2013). Following the
method of Gabbi et al. (2012), fifteen profiles (red lines in Figure 4.1b) were processed to derive
the ice thickness in the study area (see example in Figure 4.2a and 4.2b). Finally, bedrock
elevation at the profile points was deduced by subtracting ice thickness from the glacier surface
elevation.

We subsequently applied the Ice-Thickness Estimation Method (ITEM) (Farinotti et al., 2009b)
in order to interpolate bedrock topography between radar measurements. This technique takes
into account ice deformation via inversion of the Glen’s flow law (Glen, 1955). The associated
uncertainty is ±15% of the ice thickness. The results reveal a basin shape in the study site,
which is open to the north towards the glacier tongue (Figure 4.2c and 4.2d). With steep slopes
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Figure 4.2.: (a) Vertical section of the glacier and underlying bedrock derived from 30 MHz
helicopter-borne radar measurements (UMAIR) and (b) the same showing the picked
reflectors at bed (dashed line). The solid line indicates the glacier surface. Or-
thophotographs with (c) bedrock topography, and (d) ice thickness distribution in
the study area (black frame). Elevation lines are at increments of 25 (c) and 20 m
(d). Green triangles depict the seismic sensors. Red straight line represents the
radar profile indicated by the dashed black line in (a and b), from E to F.
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at its walls, the basin contains a nearly flat section of several hundred m2 in its middle (Figure
4.2c). Within our study site the ice thickness ranges from around 40 m on the sides to 140 m in
the central part (Figure 4.2d).

4.3.4. Runoff

A water pressure sensor (Keller DCX-22) was installed in the proglacial stream about 10 m from
the tongue to measure water level every 15 minutes (red point in Figure 4.1a). Atmospheric
pressure influence is removed with the help of additional pressure measurements outside the
stream within close proximity. The uncertainty is 4.5×10−4 bar. We assume no significant
water transit time between the tongue and the study area, as well as no significant temporal
changes of the stream bed topography. Moreover, there are no stream tributaries other than the
glacier tongue. This offers the possibility to take changes in stream height as a proxy for runoff
in the glacier catchment.

4.4. Icequakes detection and location

4.4.1. Seismic data processing

As a first step icequakes were detected in the continuous data using a standard short-term
window over long-term window average trigger algorithm (STA/LTA trigger algorithm; e.g.
Allen (1978)) with window lengths of 80 ms and 800 ms, respectively. In this procedure, the
root mean square of the two concurrent windows are compared and an event was declared when
the resulting ratio exceeded a trigger threshold (set here equal to 3) on at least 5 stations
within a 2 s time period. These conservative settings allowed detection of rather strong events
with high signal-to-noise ratios that facilitated manual picking of first arrivals. A total of 241
events were detected using these settings. Local tectonic earthquakes as detected by the Swiss
Seismological Service (http://www.seismo.ethz.ch/eq/latest/index EN) were removed leaving a
total of 209 events for further analysis. Event durations ranged from 0.1 s to 1 s, with a mean of
0.3 s, which are significantly shorter than those typically observed for ice or rock falls (typically
>1 s)(Roux et al., 2008; Dalban Canassy et al., 2012). Consequently, it can be expected that
our dataset is not contaminated by signals from ice or rock falls. For each event, P-wave arrival
times were manually picked on vertical components at all stations. This was achieved by looking
for clear changes in the signal-to-noise ratio and in the frequency content between signal and
noise. Each arrival time was associated with an uncertainty of 3 ms, which was derived by
looking at waveforms with different signal-to-noise ratios and different frequency content of the
first arriving phase (Figure 4.3).

4.4.2. 3D seismic velocity model

In previous studies different types of seismic velocity models were used to locate icequakes. The
use of a homogeneous velocity model with a constant velocity for ice may be justified to locate
shallow icequakes (Roux et al., 2010) or deep icequakes if only direct wave arrivals (arrivals
traveling directly from the sources to the receiver through the ice) are considered (Deichmann
et al., 2000; Walter et al., 2008). If both direct and critically refracted arrivals (arrivals that
are critically refracted at the underlying bedrock and travel along the ice-bedrock interface) are
used to locate icequakes, results with a 1D velocity model will be inaccurate and a 3D velocity
model should be used that takes into account the bedrock topography beneath the glacier (Roux
et al., 2008).
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Figure 4.3.: Beginning of a vertical ground velocity seismogram of a near-surface icequake show-
ing different signal-to-noise ratio and frequency content of first arriving phase. Black
and red vertical lines depict P-wave arrival times and the associated picking uncer-
tainty of ±3 ms respectively. Traces s1, s3, s7, s8 exhibit high signal to noise ratio,
for which the assigned uncertainty is rather conservative; in contrast traces s2, s6,
s4, s5 show low amplitudes and low frequency arrivals, for which the assigned un-
certainty is rather optimistic.
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Figure 4.5.: (a) Bloc diagram illustrating how the velocity values are assigned to each cell. For
more clarity, respective horizontal and vertical grid steps are reduced to 100 and
250 m. Light blue and brown surfaces depict the glacier surface and the bedrock
respectively. (b) Velocity model with vertical cross sections at two of the radar
profiles used for the ice thickness assessment (red lines at the glacier surface, see
also Figure 4.1b). P-wave velocities of air (0.333 km s−1), ice (3.68 km s−1)) and
bedrock (5.00 km s−1) are shown in blue, orange and brown colors respectively.

To investigate whether critically refracted arrivals play a significant role in our data set, we
analyzed data recorded from a blast (blast 2) close to the bedrock by plotting the vertical
components of the seismic signal recorded at each sensor against the hypocentral distance (Figure
4.4). While arrivals at stations s3 to s8 correspond to the direct P-wave arrivals at stations s1
and s2 can be clearly associated with a critically refracted phase, as indicated by a different
slope in the arrival-time-distance plot (Figure 4.4). This suggests that first-arriving refracted
waves can be expected in our data, and that a 3D P-wave velocity model reflecting the bedrock
topography should be used to locate icequakes in our study region.

The 3D P-wave velocity model used in our study was developed in three steps:

1. Digital elevation models of bedrock and glacier surface topography were derived from radar
measurements (see 4.3.3) and aerial photographies, respectively.

2. P-wave velocities of air and the granitic bedrock were set to 0.333 km s−1 and 5 km s−1

(Walter et al., 2010), respectively. P-wave velocities of ice (3.68 km s−1 ) were derived from
arrival time data of direct arrivals recorded from blast b4 located at the surface (Figure
4.1b). Our estimate is close to that found by similar studies on Alpine glaciers (Walter
et al. (2009), Deichmann et al. (2000)).

3. We parameterize our velocity model by cubes (cells) with constant P-wave velocity (Figure
4.5a). Total dimension of our model is 600 m, 550 m, and 300 m in east-west, north-south,
and vertical direction, respectively. We chose a cell size of 5 m in horizontal and vertical
directions, which corresponds to 120, 110, and 60 cells in east-west, north-south, and
vertical direction, respectively. This value represents a compromise between computation
time of travel times, arrival time precision, and resolution of the steep bedrock topography.
P-wave velocities are assigned to each corner of each cell depending on whether it is located
in the air, ice, or bedrock (Figure 4.5a). P-wave velocities at the center of each cell are
then obtained by linear interpolation between P-wave velocities at all eight corners.

Our approach yields a 3D model with constant P-wave velocities for air, ice, and bedrock as
defined by glacier surface and bedrock topographies (Figure 4.5b). To confirm the significant role
played by first arriving refracted arrivals for our dataset, we computed the number of expected
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Figure 4.6.: Longitudinal and transversal sections of the study area. For each point in space,
color indicates the number of sensors where the first arrival would be a refracted
wave from the glacier bed. Green triangles mark sensors location.

refracted arrivals for each point in our model (Figure 4.6). This was done by calculating synthetic
travel times from each point in the model to each receiver (seismometer). Synthetic travel times
were derived for a homogeneous model with constant P-wave velocity and the above mentioned
3D model. For a given receiver and point in the model a refracted arrival is expected if the
synthetic travel time in the 3D model is at least 2 ms faster than the corresponding travel time
in the homogeneous model.

As can be inferred from Figure 4.6 points close to the bedrock generate first-arriving refracted
arrivals at at least one seismometer. This number increases to at least five seismometers for
points located at the western and eastern flanks of the glacier. For these points epicentral
distances to stations of the network reach a maximum, which yields a higher number of expected
first-arriving refracted arrivals. Consequently, our modeling results validate the relevancy of the
use of a 3D velocity model, in particular for location of deep icequakes located close to the
bedrock.

The validity of the assumption to represent ice and bedrock with constant velocities depends on
the ratio between dominant wavelength and size of expected fractures, which should be greater
than one (Gischig, 2007; Roux et al., 2008, 2010). Indeed, the presence of fractures filled with air
and/or water may locally cause significant slow-down in P-wave speed (Endres et al., 2009). On
Triftgletscher we observed dominant frequencies in the range of 10-50 Hz, which corresponds to
wavelengths of 75-360 m and 100-500 m in the ice and bedrock, respectively. Crevasses along the
central flow line of Triftgletscher showed a maximum width of 15-20 m. Furthermore, crevasses
on temperate Alpine glaciers are likely not deeper than 25-30 m (Paterson, 2002, p.189). These
values are significantly smaller than expected wavelengths in the ice, which means that cracks
do not significantly interfere in the propagation of the recorded seismic waves. Unfortunately,
we do not have any information on density and size of potential cracks into the bedrock. Given
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the expected wavelengths of 100-500 m, however, and the size of our study area we believe that
potential cracks in the bedrock do not play a significant role.

4.4.3. Non-linear, probabilistic icequake location

Preliminary location results provided by a traditional linearized location technique (Lee and
Stewart, 1981) roughly indicated a number of icequakes clusters located far outside of the array.
For these events location uncertainties can be highly non-linear, i.e. non-ellipsoidal in shape
(Husen et al., 2003), and, consequently, a traditional ellipsoid is not a valid approximation of
location uncertainties. We therefore used a non-linear probabilistic approach as implemented
in the software package NonLinLoc (NLLoc) (Lomax et al., 2000) to locate icequakes in our
study. NLLoc computes the posterior probability density function as defined by Tarantola
and Valette (1982) and Moser et al. (1992). The posterior PDF represents a complete, non-
linear probabilistic solution to the location problem, including information on uncertainty and
resolution. It can be irregular in shape and show multiple maxima (e.g. Lomax et al. (2000);
Husen et al. (2003)).

In NLLoc synthetic travel times are computed using a finite-difference solution of the Eikonal
equation (Podvin and Lecomte, 1991), which has been proven to work reliable in velocity models
with strong velocity contrasts as ours. The posterior PDF is computed using the Oct-Tree im-
portance sampling algorithm (Curtis and Lomax, 2001), which provides an efficient and reliable
sampling of the solution space (Husen et al., 2003). We use a picking error of 3 ms (as estimated
in section 4.1) to represent our measurement errors; we decided not to consider model errors
since the original formulation of Tarantola and Valette (1982) requires them to be Gaussian
distributed, which is likely not the case for most studies (Pavlis, 1986).

We represent location results by means of a maximum likelihood hypocenter location and asso-
ciated confidence regions describing location uncertainty. The latter were derived for a single
event (Figure 4.7) as well as for multiple events (Figure 4.8). Confidence regions were obtained
by computing the cumulative sum of sorted PDF values, normalized with respect to the maxi-
mum PDF value, and finding the PDF value that corresponds to a given confidence level (Moser
et al., 1992). Each confidence region is described by a 3D volume, bounded by an isosurface
derived from the associated PDF value. It corresponds to the volume where the icequake has a
given probability to be located, as defined by the confidence level. Shape and extent of this vol-
ume is defined by the location uncertainty. For multiple events we compute a cumulative PDF
following the same approach. In this case the confidence region does not outline the volume for
a single event but for multiple events, for which individual confidence regions overlap.

4.4.4. Assessing location accuracy and precision using relocation of blasts

The inherent coupling between seismic velocities and hypocenter locations demands to assess the
reliability of the chosen velocity model (Husen et al., 2003). We define location accuracy as the
difference between true and relocated hypocenter locations, whereas location precision is given
by formal location errors as computed by the location program (Husen and Hardebeck, 2010).
Location accuracy is mainly influenced by the quality of the chosen velocity model. Uncertainties
in picked arrival times in combination with number and spatial distribution of stations, for which
arrival times could be picked, mainly affect location precision. We use data from three blasts
(b2, b3, b4) to compute differences between true and relocated hypocenter locations to assess
location accuracy. Relocated hypocenter locations were computed using our 3D P-wave velocity
model. We assess location precision by analyzing shape and size of confidence regions for each
blast, as well as the semi-axis of the associated 68% confidence ellipsoids derived from traditional
covariance matrix (Lomax et al., 2000). It is important to note that assessing location accuracy
and precision by relocating blasts is only valid for icequakes that occur at similar locations as
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Table 4.1.: Location accuracy (discrepancy between the true and relocated hypocentre (m)) and
precision (semi-axes of the 68% confidence ellipsoid (m)) for blast b2-b4.

blasts epicentre accuracy (m) focal depth accuracy (m) semi-axes of 68% confidence ellipsoid (m)

b4 3 5 16, 20, 24
b3 5 4 15, 26, 55
b2 20 15 33, 63, 118

the blasts. In our study, the chosen blasts are located at the surface and inside the network
(blast b4), close to bedrock and inside the network (blast b3), and close to the bedrock but
outside the network (blast b2).

Differences between true and relocated hypocenter locations for blasts b2, b3, and b4, as well
as lengths of semi-axes of associated 68% confidence ellipsoids are given in Table 4.1. As can be
inferred from Table 4.1 location accuracy is in the range of a few meters for blasts b3 and b4,
which locate inside the network. As expected, location accuracy is much poorer (in the range of
15-20 m) for blast b2, which locates outside the network. Although location accuracy is worse
for blast b2 it is still in the range of estimated uncertainties in bedrock topography (see 4.3.3).

Confidence regions for each blast and associated 68% confidence ellipsoids are shown in Figure
4.7. Blasts b4 (Figures 4.7a, 4.7b) and b3 (Figures 4.7c, 4.7d) show well defined hypocenter
locations as indicated by confidence regions that are ellipsoidal in shape and compact, which is
underlined by a good agreement with the 68% confidence ellipsoids showing maximal horizontal
semi-axes of 26 and 20 m respectively. Confidence regions are larger in focal depth for blast b3
indicating that focal depth for deep icequakes inside the network is less well constrained than
for shallow icequakes, which is supported by the associated 68% confidence ellipsoids with a
vertical semi-axes twice as large for blast b3 (24 m for b4 and 55 m for b3). Nevertheless, focal
depth for b3 is still constrained within the lower half of the glacier consistent with a deep source
location.

Confidence regions for blast b2 show a rather complex topography (Figures 4.7e, 4.7f), which
is consistent with a hypocenter location outside the network (Husen et al., 2003). Due to the
poor azimuthal coverage the epicenter location is poorly constrained in southwest to northeast
direction, associated with a maximal horizontal semi-axis of the 68% confidence ellipsoid of
118 m. Focal depth for blast b2 is surprisingly well constrained with a clear maximum close to
the bedrock; the length of the vertical semi-axis of the associated 68% confidence ellipsoid is
33 m. Note that due to the non-ellipsoidal shape of the confidence regions the 68% confidence
ellipsoid provides only a poor quantification of the location precision, particularly in focal depth
(Figure 4.7f). For this reason, we decided not to use 68% confidence ellipsoid to quantify location
precision. Instead we will use in the following the 70% confidence region computed for individual
and multiple events. The observation that focal depth is relatively well-constrained for blast b2
is likely caused by the fact that at stations s1 and s2 refracted phases arrive first (Figure 4.4).
Due to their downward oriented take-off angles these arrivals provide important constraints on
focal depth. The observation that the confidence regions suggest a higher probability of the
hypocenter location to be in the bedrock is clearly an artifact and a consequence of our model
parameterization, which does not account for uncertainties in bedrock topography. In our model
we place the bedrock interface at a certain depth and model it as first-order discontinuity. As
a consequence, arrivals at more distant stations (s1 and s2) are modeled as critically refracted
phases, which due to their downward oriented take-off angles yields hypocenter locations close
to the bedrock interface. In reality however, the bedrock interface is located deeper since the
shot b2 was located clearly in the ice. This discrepancy between modeled depth and true depth
of the bedrock interface leads to hypocenter location just below the bedrock interface, which in
reality was located above the bedrock interface.
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Figure 4.7.: Confidence levels of probability density function for blasts b4, b3 and b2. Frames
(a), (c), (e) show map view and (b), (d), (f) show vertical cross sections in the
east-west direction. Glacier surface and bedrock topographies are depicted by thick
black lines. Cyan stars mark location of blasts, intersections of straight black lines
mark location of the maximum likelihood hypocenter location. Green triangles
mark sensors locations. Traditional 68% confidence ellipsoids are shown in black,
with origins depicted by black dots.

Our results show that we can achieve a location accuracy of a few meters for shallow and deep
icequakes inside the network. For these events hypocenter locations are well constrained as
indicated by confidence regions that are ellipsoidal in shape and compact. Location accuracy
increases to 15-20 m for deep icequakes located outside the network but is still within the range
of uncertainties in bedrock topography. Due to arrivals of refracted phases at distant stations
focal depth for these events is relatively well constrained with a clear maximum close to the
bedrock. Epicenter location for these events is poorly constrained, in particular in southwest
to northeast direction. We, therefore, conclude that our combination of 3D velocity model
and network geometry allows to distinguish between shallow and deep icequakes based on their
hypocenter location and associated confidence regions.

4.5. Icequake spatial distribution

Of the 209 initially detected icequakes, 195 have a maximum likelihood location within the study
area. These events were analyzed in the following way:

1. For each event the PDF was visually inspected and 120 well constrained hypocentres were
retained. For these hypocentres the PDF was compact in shape and showed a clear single
maximum.

2. From these 120 events, 33 and 87 icequakes were classified as deep and shallow, respectively.
We defined icequakes as shallow and deep if the corresponding 70% confidence region was
located in the bottom half and in the top half of the glacier, respectively.

3. We performed a simple spatial clustering analysis of all the 120 icequakes by computing
the 70% confidence level of the cumulative PDF following the above mentioned procedure
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(see 4.4.3). The rational for this analysis is that icequakes with overlapping confidence
regions should be associated to the same spatial cluster since their hypocentre locations
cannot be separated. Following this logic, it is not meaningful to split two clusters if their
corresponding hypocenter locations and uncertainties overlap. The resulting isosurface of
the 70% confidence level of the cumulative PDF shows four regions that can be clearly
separated in space (Figure 4.8a). Two of these regions (labeled SC1 and SC2) locate in
the upper half of the glacier; the other two regions (labeled DC1 and DC2) locate in the
bottom half of the glacier. Following our definition for shallow and deep icequakes (see
above) we conclude that icequakes located in the regions SC1 and SC2 are shallow (at a
confidence level of 70%) and that icequakes located in regions DC1 and DC2 are deep (at
a confidence level of 70%). Furthermore, each region forms a spatial cluster that is clearly
separated from the other clusters.

4. In a final step we cross-correlated waveforms of all the 120 icequakes to identify families
of events that show a high degree of similar waveforms (cross-correlation coefficient > 0.8
) (see 4.5.3). Icequakes within these families are likely to have similar source mechanisms
and locate very close in space.

We emphasize that the volume enclosed by the isosurface at the 70% confidence level of the
cumulative PDF (Figure 4.8a) represents the combination of the location uncertainty of indi-
vidual icequakes and the actual size of each icequake cluster. The fact that epicenters included
in cluster SC2, which locates within the network, are best constrained suggests that location
uncertainties dominate. In order to further evaluate this matter, we identified a highly coherent
icequake family within cluster SC1 (see family 6 in section 4.5.3). For this family, all event
pairs exhibit a cross correlation coefficient of 0.9 or higher. We interpret such high coherency as
evidence that the icequake sources occurred essentially at the same location, as even minor vari-
ations in path effects would reduce waveform similarities. Moreover, this highly coherent event
family includes 22% of all SC1 events, and the associated cumulative PDF volume enclosed by
the 70% confidence level isosurface amounts to 56% of the volume of the entire cluster. In other
words, even if we confine cluster SC1 to those events, whose locations nearly coincide (based on
waveform similarity), the volume enclosed by the 70% confidence level isosurface shrinks by less
than 50%. This further suggests that location uncertainties are the main control of the size of
the volumes enclosed by the isosurfaces shown in Figure 4.8.

Significant difference in the location uncertainty can be noticed from one cluster to another.
Among the deep clusters, DC2 is substantially better constrained than DC1 as indicated by the
smaller volume of the 70% confidence level of the cumulative PDF. Likewise, clusters SC2 is
better constrained than cluster SC1. Moreover, clusters DC1 and SC1 location uncertainties
are strongly elongated towards the western boundary, while the associated maximum likelihood
locations locate close to the seismometer array. Such orientation of location uncertainties is a
consequence of array geometry and icequake epicenter locations at the periphery of the array.

Figure 4.8b and 4.8c show longitudinal and transversal cross sections of the investigated area,
with projections of the maximum likelihood points of epicentres located in a 15 m band width.
In both profiles, deep and shallow hypocentres appear to be unambiguously disconnected, which
supports the above mentioned clustering distribution, and validates that both types of icequakes
can be distinguished with our location procedure.

4.5.1. Deep icequakes

Deep sources represent 27.5% of the dataset, which makes Triftgletscher a particularly suitable
study site for near-bedrock emissivity investigation. Vertical component seismograms of a rep-
resentative deep icequake (from DC1), examined by means of particle motion analysis, as well
as hypocentral locations are presented in Figures 4.9a and 4.9b. The waveform contains impul-
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sive, high-frequency P and S arrivals, and a maximum P-wave amplitude on z-component. It
lacks a notable surface wave (Figure 4.9a). These are the main characteristics of icequakes with
focal depths well below the vertical extension of the surface crevasse zone (Deichmann et al.,
2000; Walter et al., 2008). Despite their clear onsets we did not use any S-waves in the location
procedure, because blast b4 did not provide any information about shear wave speed.

The NLLoc location for the deep event (Figure 4.9b) is poorly constrained along the line con-
necting the maximum likelihood epicenter and the center of the seismometer circle. This is a
result of array geometry and the fact that the icequake epicenter located at the edge or outside
the array. The focal depth exhibits a maximum likelihood point at the ice-bedrock interface.
However, the PDF shows a higher probability that the event locates just beneath the ice-bedrock
interface than within the basal ice layer. The same was observed for blast 2 (Figure 4.7f). As
the blast clearly occurred in the ice, this suggests that the high location probability below the
bedrock is an artefact due to our model parameterization that does not account for uncertainty
in bedrock topography (10-20m). Moreover, our deep icequake seismogram shares qualitative
characteristics with seismograms of intermediate (below surface crevasse zone, but well above
glacier bed) events (Walter et al., 2009; Deichmann et al., 2000). We therefore conclude that the
deep event most likely locates at the ice-bedrock interface or within the basal ice, while there
exists a non-negligible probability that it may also locate as far as 50 - 100 m below the glacier
bed.

The epicentral distribution of the deep sources (maximum likelihood points and 70% confidence
surface of cumulative PDF) is shown in Figure 4.10a. Apart from 4 outlying epicenters, events
scatter within the two deep clusters DC1 and DC2. Cluster DC1 consists mainly of events
detected at the beginning of the monitoring period, while DC2, which includes less events, was
mainly active at the end. The absence of deep event locations with epicenters located inside
the network deserves further comment at this point. The well-constrained locations of deep
and shallow blasts (Figure 4.7) shows that location close to the network center is possible.
Furthermore, we visually inspected all events detected with our STA/LTA algorithm finding no
further signals with deep icequake characteristics. We therefore conclude that the absence of
deep icequake locations beneath our seismic network does indeed reflect a lack of deep seismicity
in this region.

4.5.2. Shallow icequakes

Shallow icequakes typically pose the vast majority of seismic events on Alpine glaciers (Deich-
mann et al., 2000; Walter et al., 2008; Roux et al., 2010; Dalban Canassy et al., 2012; Mikesell
et al., 2012). Figure 4.9d shows a typical shallow icequake seismogram. It clearly shows around
5.5 s the high amplitude of the dominant phase associated with surface wave arrival (Rayleigh
wave, denoted R in Figure 4.9), which is the main waveform characteristic of a near-surface
icequake (e.g. Deichmann et al. (2000); Faillettaz et al. (2008)). For the event shown, the as-
sociated epicentre lays inside the network and is therefore well constrained (Figure 4.9d). At a
90% confidence level the hypocenter locates within the upper half of the glacier thickness, with
a maximum likelihood about ten meters below the surface.

Within the study area, detected shallow events mainly concentrate inside and west of the network
in the two clusters SC1 and SC2 (Figure 4.10b). SC1 lays outside of the array near crevasses ends.
It mostly includes icequakes which occurred during the second half of the investigation period.
Cluster SC2 is located inside the network. It shows some elongation oriented from south-west
to north-east. Most of its events were recorded towards the beginning of the monitoring period.
The sources are concentrated near opening crevasses, but not specifically near the extremities,
as opposed to the SC1 events.
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4.5.3. Waveform similarities

In order to quantify the similarity of our waveforms, we cross-correlate all pairs within the set
of 120 located events. We use the vertical component records of sensor s1 because of its central
position with respect to our clusters. The cross correlation coefficient ranges between 0 and 1
with the latter indicating a perfect match. Results are presented by means of a dendrogram
computed using an average linking method (Figure 4.11a). The dendrogram shows that on
average all shallow events correlate poorly with deep events (cross correlation coefficient of 0.35
or less, see red cross in Figure 4.11). This indicates that such a relatively simple similarity
analysis based on one station is an efficient means to automatically separate an icequake data
set into shallow and deep event signals.

Clusters DC1, DC2, SC1 contain sub-clusters (“families”) whose members have an average
mutual cross-correlation coefficient of 0.8 or higher (colored patches in Figure 4.11a). 75% of
the deep events in DC1 are organized in 4 families composed of 2 to 6 events. Sources in DC2 do
not fall into families according to our definition of a mutual cross-correlation coefficient exceeding
0.8. The three deep events in family 16 (cluster DC1) show a surprisingly low correlation with
all other events, even those belonging to the same cluster. Concerning shallow icequakes, there
exist 7 families including 68% of shallow cluster SC1, with as much as 9 and 7 events (families 6
and 7 respectively). 50% of all events belonging to shallow cluster SC2 are part of four families,
with the largest one including 5 icequakes (family 1). Note also that 3 families of respectively
2, 2 and 3 shallow events (brown patches in Figure 4.11a), neither located in SC1 nor SC2,
are found. As they correspond to isolated sources, we did not consider them in the similarity
analysis.

The observation of event families point to different source mechanisms within a cluster. In case
of shallow events, this possibility appears well supported given the clearly separated crevasses
in close proximity of SC1 and SC2. Our threshold choice of 0.8 for the average mutual cross-
correlation coefficient defining a sub-cluster family is arbitrary. However, it is in line with the
message of Figure 4.11a that event groups of a single cluster show different degrees of similarity.
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Figure 4.11.: (a) Dendrogram showing mutual icequake waveform similarity for the 120 located
events. Similarity is derived from the cross-correlation coefficient as described in
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Vertical seismograms of shallow events within family 7. (c) Vertical seismograms
of deep events within family 14. The shown seismograms were recorded at station
s1 (Figure 4.1b).
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In order to explain sub-clustering and as a basis for the following discussion, we note that
both different fault mechanisms (source effect) and different source locations (path effect) can
potentially effect waveform similarity. Consequently, highly coherent icequake families are likely
a result of repeated fracturing on a single fault, as it may be illustrated by events of families 7
and 14 (Figure 4.11b and 4.11c).

Finally, we noticed differences in time intervals between consecutive events. For example, the
deep events of family 14 occur every 4 to 13 minutes, whereas the intervals of shallow family 7
range from a few hours to more than one day. Explanations for such differences in inter-event
time intervals are speculative at this point, but may be connected with different stress regimes
at the glacier surface and close to its bed.

4.6. Discussion

4.6.1. Near-bedrock seismicity vs. runoff

Figure 4.12 shows the occurrence times of deep icequakes throughout the study period (blue
and magenta stars) superimposed on water level measurements (given in hydrostatic pressure)
of the proglacial stream at the glacier tongue. The time series show that deep icequake detection
was suppressed during peaks in stream height. Instead, deep icequakes occurred primarily after
stream height peaks. This is also true for the most prominent peak around July 23 during which
substantial surface uplift was measured (dashed line in Figure 4.12).

At this point we assume that changes in water level of the proglacial stream represent changes
in glacier runoff. Furthermore, we assume that during runoff peaks, englacial water storage
increases to the point where the subglacial drainage system is no longer efficient enough to evac-
uate the water input (Bartholomaus et al., 2008). Consequently, the subglacial water pressure
increases. Likewise, we deduce that during falling or low runoff the subglacial water pressure
falls.

In this sense, the stream height and uplift time series suggest that during the monitoring period
the subglacial drainage system was channelized rather than distributed: Only during the largest
runoff peak (corresponding to the stream height peak around July 23), substantial glacier uplift
occurred. During all other peaks, runoff was evacuated quickly enough to keep subglacial water
pressures below ice-overburden pressure (Schoof, 2010).

We do acknowledge that the seismic detection time series may be biased towards periods of low
stream height: These times correspond to low glacier runoff during which the seismic background
noise may be relatively low. Consequently, the trigger algorithm is more sensitive, which explains
the increased number of detected events during most stream height minima (top panel of Figure
4.12). Nevertheless, our result that deep icequakes occur primarily during falling subglacial
water pressures agrees with experiments from Gornergletscher (Walter et al., 2008).

4.6.2. Deep icequake fault mechanisms

In order to constrain the source mechanisms of our deep icequakes, we determined the first
motion polarities for each event (Figure 4.13). Note that the high signal to noise ratio char-
acterizing the deep events onset as well as their short mean duration (0.3 s) prevent them to
be obscured by other events and therefore assure a reliable constraint of the first motion. Out
of the 29 events, 21 exhibit dilatational (“down”) first motion at all stations. Seven events
have compressional “up” first motion at all stations and 1 event shows a polarity mixture. We
interpret the predominant single polarity character (i. e. same polarity at all stations) as ev-
idence for strong isotropic components of the underlying moment tensors (e. g. Julian et al.
(1998)). Co-seismic volumetric changes of the source region due to tensile faulting provide the
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Figure 4.12.: Top: Median amplitudes (in counts) of all detected events. Bottom: Water pres-
sure at the glacier tongue (solid black line); mean surface uplift within the study
area (dashed line); deep event occurrence in clusters DC1 (magenta stars) and DC2
(blue stars).
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most straightforward explanation for such a strong isotropic component . In this view, a tensile
crack opening emits purely compressional first arrivals and a tensile crack closing emits purely
dilatational first arrivals. This source mechanism has been determined from full waveform mo-
ment tensor inversions of a deep icequake cluster beneath Gornergletscher (Switzerland) (Walter
et al., 2010). Like the deep events presented in the present study, the Gornergletscher icequakes
occurred primarily during falling or low water pressures (Walter et al., 2008). However, the
mixed polarity our event 22 (Figure 4.13) cannot be explained with a pure tensile crack moment
tensor. Instead, we suggest that in addition to the tensile crack component there exists some
shear component which produces mixed polarity first motions (Julian et al., 1998) in case of
event 22. However, we can only state that for 28 out of our 29 deep icequakes, the tensile crack
component dominates first motion polarity.

We emphasize that first motion analyses are subject to ambiguities if station coverage is limited.
This is the case for our deep icequakes as they locate outside the seismic network. Under these
conditions, the quadrantal distribution of first motion polarity, which is characteristic for pure
shear dislocations, may not reveal itself, because all recording stations may locate within the
same quadrant of the focal sphere (Aki and Richards, 1980). Although we consider it unlikely
that this be the case for 28 of the 29 analyzed events, we cannot reject the possibility of pure
shear sources based on first motion analysis alone. Nevertheless, we can check if the first motions
are consistent with pure shear dislocations during seismogenic stick-slip motion across the glacier
bed. Such events may be a prevalent phenomenon beneath Antarctic ice streams, during which
the glacier suddenly slips across its bed, analogous to earthquake rupture (Anandakrishnan and
Bentley, 1993; Smith, 2006; Danesi et al., 2007; Walter et al., 2011; Winberry et al., 2013).

In order to model the first motions of a stick-slip motion we employ pure basal shear sources,
whose fault planes are parallel to the local radar-derived glacier bed. The shear slip direction
(given by ’rake’ parameter, as described e. g. in Aki and Richards (1980)) is chosen such
that co-seismic horizontal motion coincides with the displacements of stakes 10 and 7 for events
in clusters DC1 and DC2, respectively. Figure 4.13 shows first motion polarities of such a
hypothetical pure shear source (“beachball plots”). The results indicate that for most events, the
projected ’up’ first motions (red crosses) are not confined to the black patches (compressional)
of the beachball diagrams. Similarly, the projected ’down’ first motions (green crosses) are not
confined to the white patches (dilatational) of the beachball diagrams. This implies that the
first motion polarities of most events are incompatible with the stick-slip mechanism, unless the
assumed fault geometry disagrees substantially with the surface ow eld and/or radar-derived
bed topography. For events 1, 10 and 15, the compressional first motion polarity agrees with
the stick-slip mechanism at five or six out of the eight stations. Varying the assumed rake by
±10◦ can reduce the number of stations with incorrect polarity to one.

In summary, first motion analysis alone cannot fully determine icequake source mechanisms
for our network geometry. For example, we cannot rule out shear faults, which differ strongly
from the stick-slip geometry. Such unexpected shear geometry may be the result of a likely
complicated local stress field at the glacier bed. Nonetheless, the first motions do argue against
pure shear sources expected from stick-slip motion accounting for most basal motion, as previ-
ously observed in Antarctica (Zoet et al., 2012a). Instead, our preferred source mechanism is a
superimposed tensile crack and shear dislocation.

4.6.3. Shallow seismicity and surface deformation

Waveforms of our near-surface icequakes show only compressive first motions, and they are
dominated by the Rayleigh phase, both typical features for events associated with crevasse
formation or lateral extension (e. g. Neave and Savage (1970); Walter et al. (2009); Roux et al.
(2010)). Along Triftgletscher’s central flow line, crevasse formation occurs near the southern edge
of our study site, close to the center of our seismometer circle (Figure 4.14, red area). As the ice
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DC1
DC2 7
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Figure 4.13.: Orthophotograph with color-coded bedrock slope (in degrees). Black dots and
red lines represent maximum likelihood locations and 70% confidence surfaces of
the cumulative PDF for deep clusters DC1 and DC2. Beachball diagrams de-
pict theoretical double couple mechanisms associated with each deep event epi-
center. Black and white quadrants indicate compressive and dilatational first
motion, respectively. Colored crosses denote measured first motion polarities
(green=down/dilatational, red=up/compressional) at each of the 8 sensors. Green
triangles mark sensors locations. Blue points indicate stakes 10 and 7.
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SC1

SC2

glacier flow

Figure 4.14.: Orthophotograph of study area with stake displacement over the monitoring period
(blue straight lines). For clarity, displacements are enhanced by a factor of 20. Blue
points are initial stake positions. The thick black arrow shows the average glacier
flow direction. Thin black lines outline cells A to D bounded by stake positions at
the corners and used to calculate surface strain from 19 July to 2 August. Green
and red lines denote extensional and compressional strain, respectively. Curved
red lines represent the 70% confidence surfaces of the cumulative PDF for shallow
clusters SC1 and SC2. Colored surfaces depict areas of crevasse formation (red),
rotation (blue), destruction (green) and advection (cyan).

flows northward towards the steep tongue, the crevasses are slightly rotated counter-clockwise
(Figure 4.14, blue area). This is a consequence of the confluence with a side-tributary glacier,
which adds inertia to the main Triftgletscher branch at its western side. Further downglacier,
the surface crevasses are extended eastward and further opened in the eastern half of the study
site (Figure 4.14, cyan area). Further west, closer to the confluence, the crevasse pattern is
destroyed (Figure 4.14, green area).

Our surface seismicity concentrates at the southern end of the crevasse field. This suggests
that surface seismicity is mostly connected with the initial opening and lateral extension, rather
than the advection of surface crevasses. The reason is that once crevasses form, they relax
near-surface stresses as they further open, allowing for higher strain rates even in the absence
of further fracturing (Vaughan, 1993; Harper and Humphrey, 1998; Roux et al., 2010).

Strain analysis of the surface deformation from 17 July to 2 August (derived following Lindsay
and Stern (2003)) shows that crevasses seismicity does not correlate with strain magnitude. In
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fact, seismicity is strongest in cell D corresponding to smallest strain (Figure 4.14). However,
the strain axis orientation in cell D is such that the compression axis is most aligned with
the main crevasses orientation (Harper and Humphrey, 1998), which is given by the clockwise
rotation induced by the confluent regime (as crevasses exit the blue area). This suggests that
strain orientation, rather than strain magnitude controls the deepening and lateral extension
of crevasses. Furthermore, as the crevasses leave cells A and B, they are destroyed due to
misalignment of the initial pattern of the most visible crevasses and the strain axes. Downglacier
of cells C and D, on the other hand, this misalignment is less pronouced and the initial pattern
of most crevasses is preserved, which allows the crevasses to be advected.

4.6.4. Seismic Precursor for Break-Off

No major break-off event has so far occurred on Triftgletscher’s tongue. However, previous
studies on Allalingletscher (Röthlisberger and Kasser, 1978; Röthlisberger, 1993) and Balmhorn-
gletscher (Röthlisberger, 1987) showed that break-off events of unstable termini require the
combination of three main factors: a specific ice mass distribution, a tongue located in a steep
bedrock area, and enhanced surface motion, so-called ’active phases’. Another key concept is
the force balance of the glacier tongue: Friction at the bed as well as longitudinal stresses at the
head of the tongue counteract the downhill force of gravity. If basal friction is reduced during an
active phase (Röthlisberger, 1993), more stresses are transferred to the tongue head. Therefore,
the fracture state at the tongue head is a critical parameter in a stability analysis.

On Triftgletscher, numerous large crevasses are visible at the tongue head where bedrock slope
increases from few degrees to about 35˚ (Figure 4.1a), showing that an extensional regime is
established at this place. During an active phase, in particular, the likelihood of a terminus
rupture at least partly depends on the pervasiveness and extent of these crevasses. We assume
enhanced break-off risk during periods of enhanced longitudinal extension above the glacier
tongue, because this will tend to deepen crevasses to a point, where the basal friction has to
balance the entire downhill force acting on the glacier tongue.

We identify periods of likely enhanced longitudinal strain at the head of the tongue by comparing
surface velocities within the tongue and within the study area. The latter are given by the mean
horizontal GPS displacements, whereas the former are derived from the images of the automatic
camera (Dalban Canassy et al., 2012). Figure 4.15b presents results from 20 July to 2 August.
From 20 to 26 July, surface velocity variations are minor. However, subsequently, there exist
two periods lasting 1 and 6 days (p1 and p2) with significant changes. P1 is characterized by
acceleration within the study area, while the ice mass in the serac fall slows down. During p2, ice
tongue speeds up, while the ice within the study area slows down. These observations indicate
that during periods p1 and p2, the head of the ice tongue underwent reduced and favoured
extensional stress, respectively. P2 therefore constitutes a period of enhanced break-off risk.

Figure 4.15a shows that the number of near-surface events detected per day. The figure illus-
trates that during period p2, during which we suggest an elevated break-off risk, the number
of detections reaches a maximum. Detection of near-surface icequakes may thus serve as an
early warning tool for imminent tongue break-off events. At this point we stress that icequake
detection time series have to be interpreted with caution: Changes in daily or hourly detections
may reflect a combination of changes in icequake activity and changes in trigger sensitivity due
to changing background noise levels. On temperate glaciers, the background noise level strongly
depends on surface melt (Walter et al., 2008; Dalban Canassy et al., 2012). In Figure 4.12, we
see that the enhanced extension period (p2 in Figure 4.15b) occurs during a low-melt period,
which may favor the detection of small events usually missed during high-melt periods. However,
at the same time it should be noted that other low-melt periods (e. g. near 26-27 and 28-29
August) do not coincide with peaks in surface seismicity.
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Figure 4.15.: (a) Temporal distribution of detected shallow events. (b) Mean surface velocity
in the study area (solid line) and in the downstream serac fall (see Figure 4.1)
(dashed line). Compression (p1) and extension (p2) phases between both places
are shown.
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We therefore suggest that the surface seismicity peak during the extensional period (p2 in Figure
4.15) is at least partially due to an increase in source activity. For this reason, detection of surface
crevasse events may indeed be a suitable candidate for an early warning system.

4.7. Conclusions

We located 120 icequakes on Triftgletscher, with focal depths close to the glacier surface and
in the bedrock vicinity. Deep sources represent 27.5% of the dataset, which makes this area
a particularly suitable study site for near-bedrock emissivity investigation. The use of a 3D
model allowed good constraints on focal depth for sources located outside of the array. Source
locations were corroborated by results of a waveform analysis, i.e waveform characteristics and
cross-correlation, which represents a promising method to obtain basic information about focal
depth and cluster reliability.

Both deep events clusters were located in steep terrain, confirming the observations previously
reported on Gornergletscher (Walter et al., 2009). The first motions of most of these events
argue against pure shear sources expected in case of stick-slip motion, and our preferred source
mechanism is a superimposed tensile crack and shear dislocation, supported by results of a basal
mechanisms analysis. In this context, our work shows that deep seismicity cannot be assumed
to be an indicator of stick-slip motion.

Surface icequakes primarily relate to opening and lateral extension of crevasses in areas rather
than where strain amplitudes are the biggest. The absence of detected icequakes in the down-
stream part of the study area, yet highly crevassed, reflects the reduction of the seismogenic
character of fractures once they are opened. The temporal distribution of shallow seismicity
reveals superior emissivity during period characterized by enhanced break-off risk. Shallow
seismicity changes may therefore be taken into account for early warning systems.

As a next step, a more extended seismic array could allow a more precise location of deep sources
emitting on Triftgletscher, and a better apprehension of the different information contained in
the associated waveform could be provided by the use of broadband sensors. Additionally, a
full waveform inversion may help to elucidate basal faulting by providing informations on fault
planes of crack opening and crack closing events.
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5. Conclusions and Outlook

The Triftgletscher offered a unique opportunity for studying potential hazards caused by a
retreating glacier. Although no hazardous event has happened up to now, the details of the
evolution from a stable glacier towards a large-scale ice avalanche and its impact in terms of
flood wave generation and propagation have been studied closely. In particular, this thesis
focuses on the characterization of phases likely to lead to a critical glacier configuration, as
well as to the onset of a break-off event. In this context, two challenging issues were addressed:
First, the complicated relationships between glacier hydrology and dynamics, and second, the
ability of recorded seismic activity from a steep temperate glacier to characterize its dynamical
behavior and to provide insights on the evolution towards an unstable regime. In the following,
comments are provided on the different analysis performed.

The role played by the proglacial lake on glacier retreat was demonstrated by means of
a simple calving model. Results showed that buoyant stresses affecting the calving front
between 2000 and 2006 led to a total tongue retreat from the current lake area two years
earlier than in the absence of a water body, and consequently accelerated the formation of a
potentially unstable glacier tongue. Newly formed proglacial lakes have therefore to be taken
into account for a reliable risk assessment in the case of retreating glaciers.

An ice avalanche dynamic study showed that Gadmertal may be endangered in the event of
falling ice, with a volume greater than 1×106 m3. In this case, the triggered flood wave would
reach the valley 11 minutes after the rupture, which demonstrates the crucial importance of a
break-off prediction.

Seismic activity, surface motion and glacial runoff were monitored upstream of and in
the steep glacier tongue during two field campaigns in 2008 and 2010. The capability of an
array of 3 seismometers installed outside of the glacier to detect icequakes was demonstrated by
the first experiment. A basic location procedure allowed two main technical issues to be dealt
with: First, the distinction between ice- and rock-falls, and second, the non-negligible waveform
amplitude attenuation caused by the distance between sensors and icequakes locations. The
recorded icequakes were shown to be composed mostly of a mixture of falls of ice chunks and
crevasse openings, resulting in the absence of characteristic durations. The released seismic
energy provides a good characterization of the seismic activity, as it takes into account both
amplitude and events duration. Variations in surface motion, glacial runoff and the temporal
distribution of released seismic energy were interpreted by means of sliding windows analysis,
which proved to be significantly more informative than simple time series surveys. The results
indicate that reliable conclusions can be drawn only by taking into account that the detectability
of events with small amplitude strongly depends on the ambient noise. As most of the ambient
noise stems from diurnal and daily subglacial runoff variations, it is important to address this
problem in similar future studies. A statistical analysis highlighted a power-law behavior of
the released seismic energy at certain times of the investigated period. The interpretation in
power-law exponent indicated the predominance of low (high) energy events during enhanced
(decreased) surface motion, and provided clues for distinguishing between crack openings and
ice-falls.
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Topographic and seismic data collected in the second field experiment allowed a more sophis-
ticated source location procedure to be conducted. The combination of a non-linear approach
with a 3D velocity model provided new insights on the uncertainty of the focal depths, and
therefore strengthened the interpretation of the sources distribution. The recorded basal seismic
activity is shown to be related to a mixture of tensile fracturing and double-couple stress, the
first component likely being predominant in the considered data. This result demonstrates that
near-bedrock icequakes cannot be assumed to be an indicator of stick-slip motion. At the sur-
face, superficial events correspond to the opening and extension of crevasses. The main control
is determined by the orientation of the principle strain rate rather than by strain rate amplitude.

The present work has been carried out following two main goals: First the seismic moni-
toring of the steep glacier tongue where a potential instability was suspected, and second,
the search for precursors of a large extent rupture. Given that no major rupture event was
observed during the monitoring period, the seismic time series analysis consisted of the search
for variations and trends likely to lead to the rupture initiation. In the steep section, glacier
recoupling phases were shown to be accompanied by peaks of seismic energy ranging over
several days, which may illustrate periods with enhanced break-off risk. During the phases of
recoupling of the glacier to its bed, jerky motion events, releasing short and very high energy
seismic events, may induce an intensification of the fracturing of the ice-mass and likely initiate
an instability of the glacier tongue. Consequently, the associated seismic events may be used as
break-off precursors. In the area upstream of the steep glacier tongue, periods with enhanced
extensional strain at the breaking edge were associated with increasing shallow seismicity, which
may therefore be a suitable candidate for an early warning system.

Our results show a clear correlation between icequake activity and changes in glacier dynamics.
However, enhanced tongue sliding phases as observed on Allalingletscher have not been seen
on Triftgletscher, and no clear precursors of large-scale rupture were highlighted. No clear
evidence of the sliding instability initially suspected were consequently found. Basal sources
were characterized, but could not be linked with a potential instability. The glacier underwent
a substantial retreat during these 4 years of study, and the latest observations showed a pro-
gressive separation of the steep glacier tongue into two parts. Moreover, the uncovered bedrock
exhibits a stair-like shape, which may stabilize the ice mass. In this context, a hazardous
break-off becomes therefore more and more unlikely. The chosen seismic characterization, based
on events, probably brought a significant limitation for two main reasons: First, it confined
the dataset to events with characteristics strongly influenced by trigger threshold properties,
and second, because it only offered a discontinuous description of the seismic activity, with
consecutive events separated by time intervals up to several days. Results from seismic noise
analysis techniques, allowing a more continuous characterization, may be more conclusive about
the icequake activity associated with the dynamical behavior of the glacier at a very small
spatial and short temporal scale. In this context, more research effort is necessary to recognize
the seismic signal of a sliding instability, and possibly develop an acquisition and processing
technique to set up an early warning system in the case of large extent break-off events.

Prospects for further investigations

This thesis initially aimed at characterizing both seismic activity and glacier dynamics on Trift-
gletscher before, during and after an anticipated large-scale rupture of the unstable tongue. As
no break-off event was observed during the monitoring period, the collected data did not offer
any helpful information about the relevant processes. Hence, the challenge was then to highlight
variations and trends likely to lead to a rupture initiation. In this context, the results of our
study reveal the direction to be taken in conducting further investigations:

• Given the predominant control of basal runoff on the dynamic of temperate glaciers, it was
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found that basal motion is significantly reduced during winter (Iken and Truffer, 1997).
Seismic and dynamic monitoring performed in tandem over an entire year could result
in valuable insights for the characterization of changing basal conditions. Analysis of the
transitional regimes from spring to summer and from autumn to winter would allow the
decoupling and coupling phases of the glacier on its bed to be observed and identified
precisely, which in turn would provide favorable conditions for recording near bedrock
icequakes.

• Seismic data presented in Chapters 3 and 4 were acquired using seismometers installed on
the bedrock beside the glacier and on the ice. The first system requires little maintenance,
and can, in theory, remains in operation for several months with data storage capacity as
the only limitation. By contrast, the second procedure is much more prone to disruption,
particularly because ice melting significantly affects the seismometer levelling, and obtain-
ing reliable data ideally requires daily maintenance. From a practical point of view, the
first system has clear advantages, and its capability to detect icequakes was demonstrated
in chapter 3. However, it is unclear how much information on seismic activity is lost by the
existence of more complex wave paths than by recording directly on the ice. This question
could be addressed by comparing simultaneous recordings on ice with those taken on the
surrounding rock. First, this would enable the potential alterations of amplitudes and fre-
quency contents to be quantified, and therefore for the quality of the data to be assessed.
Second, the filtering of the highest frequencies when seismic waves propagate through the
ice/bedrock interface could be used to determine the difference between icequakes and
events occurring outside of the glacier.

• Only a small fraction of the available subdaily photographs of the steep part taken from
2008 to 2011 were analyzed. Moreover, the feature tracking method mentioned in Chapter
3 only allowed the relative surface displacements between two pictures spaced 24 hours
apart to be derived. A photogrammetric survey would enable the absolute displacements
at the subdaily time scale to be quantified, consequently supplying a more detailed picture
of the dynamic behavior of the unstable section. This could be achieved by focusing on
a set of points easily recognizable from one photograph to the next, for instance, large
crevasses or major ice blocks. These points should be distributed in an area of particular
interest to the seismic investigation: on the left side of the serac fall, where most of the
seismic energy released was detected (see Figure 3.10), and at the slope break-off, where
rupture is likely to be initiated due to large strain rates.

• In the case of unstable hanging glaciers, the most reliable procedure currently used to
predict the time of failure is based on geodetic measurements of stakes installed on the
ice (Pralong, 2005; Faillettaz et al., 2008; Pralong et al., 2006; Margreth and Funk, 1999).
On Triftgletscher, this monitoring technique is not feasible, mainly because the installed
markers would be destroyed rapidly by the frequent serac falls. As an alternative, terrestrial
laser scanning might reveal highly precise velocity fields of the unstable glacier tongue at
close time intervals. This technique, based on the comparison between consecutive DEMs,
was employed to monitor landslide motion (Teza et al., 2007), deformations on a rock
glacier (Bauer et al., 2003), and 3D glacier velocity fields (Schwalbe et al., 2008).

• The computation of the seismic energy release mentioned in Chapter 3 implied to manually
determine the duration of the recorded icequakes. While this was easily achieved for
isolated events, sequences of very close occurrences (with gaps < 1 s) posed far more
problems, and were dealt with case by case. Moreover, the characteristics of the icequakes
finally retained, i.e length and signal to noise ratio, depended very much on the parameters
set in the STA/LTA trigger procedure (see 3.5.2). It is clear that the very restrictive
conditions mentioned in Chapter 4 have an impact on the obtained dataset and may affect
its interpretation. One option to avoid this problem could be the investigation of the
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glacier’s seismic background noise. This technique was already employed for ground motion
prediction (Prieto and Beroza, 2008), hydrodynamic processes monitoring (Burtin et al.,
2008), and landslide prediction investigation (Mainsant et al., 2012). Concerning glacier
dynamics, frequency content analysis of the background seismic noise was successfully used
to characterize calving events in Greenland (Walter et al., 2011), and ice shelf response to
ocean gravity waves in Antarctica (Bromirski and Stephen, 2012).

• The high correlation between ambient noise and the sensitivity of the trigger method is
demonstrated in Chapter 3 (see 3.5.6). It is also shown that most of this noise stems from
glacial water runoff. This combination could offer the opportunity to use trigger variation
as a proxy for glacial runoff changes on glaciers where other monitoring techniques are
hardly feasible. It could be achieved by setting very few restrictive triggering conditions, in
order to consider the smallest event amplitudes and therefore the slightest runoff changes.



A. Probabilistic icequakes location procedure
using NLLoc: technical details and tips

Icequakes investigated in Chapter 4 were located using the Probabilistic non linear procedure
implemented in NLLoc ((http://alomax.free.fr/nlloc/, version 5.00), coupled with a 3D velocity
model. Location results were plotted using GMT (http://gmt.soest.hawaii.edu/, version 4.5.7).
Figure A.1 depicts the sequence of different processes applied to obtain interpretable results,
as well as all the involved files and their format. As the 3D velocity model was not derived
using NLLoc, some technical points useful to know for its elaboration and its implementation in
the location procedure are detailed in the following. Some tips related to the confidence levels
computation for Octree search location results are also presented, and the way to display them
using GMT is explained. These recommendations are aimed at people having already basic
knowledges on NLLoc use. The Nlloc and GMT routines mentioned (in italic) are precisely
detailed in the ”NonLinLoc software guide”, available at (http://alomax.free.fr/nlloc/) and on
the GMT website.

A.1. 3D velocity model implementation

The 3D velocity model is implemented in NLLoc with the help of a binary buffer file (.buf)
containing the slowness at each node of the meshgrid multiplied by the gridstep. It is accom-
panied by a header file (.hdr), containing required information to read the .buf file and other
internal parameters: cells numbers (east,north,z), grid origin (east,north, 0 for z), cells size dx,
dy, dz (dx=dy=dz), SLOW LENGTH (see .buf file), TRANSFORM NONE . One way to check
whether the velocity model implementation meets NLLoc requirements is to visualise model
sections with Grid2GMT.

Velocity model files are used as inputs for Grid2Time. It requires to set the GTMODE function
on GRID3D. Outputs are grids of synthetic arrival times (in seconds, one for each seismometers),
implemented in binary buffer (.buf) and header files (.hdr). It can be interesting to verify the
consistency of the results by generating arrival times for synthetic sources, using Time2EQ. The
suitability of the chosen grid step (dx=dy=dz) can be assessed setting a source in the ice and by
comparing the agreement between travel time values obtained with 3D and homogeneous (ice
only) velocity models.

A.2. Seismic inversion

The seismic inversion, achieved with NLLoc, requires synthetic travel time and picked arrival
times as inputs. An a priori condition to restrict source results below the glacier surface can
be imposed with Loctopo. Glacier topography is documented by means of a grid (.grd) file
obtained by processing an initial .xyz (east,north,z) file using, in the order: xyz2grd, grdinfo
and grd2xyz. With the used GMT version, lines 6,7 and 8 of the obtained .grd file have to be
modified to meet Loctopo requirement:
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glace.grd: x min: 670.6625 x max: 671.2625 x inc: 0.005 name: x nx: 121
glace.grd: y min: 168.9875 y max: 169.5375 y inc: 0.005 name: y ny: 111
glace.grd: z min: 0.0293850991875 z max: 0.17400470376 name: z

into

glace.grd: x min: 670.7782 x max: 670.6625 x inc: 0.005 units: user x unit nx: 121
glace.grd: y min: 169.0045 y max: 169.9875 y inc: 0.005 units: user y unit ny: 111
glace.grd: z min: 0.029385099 z max: 0.174004703 units: user z unit

This is also important to verify the agreement between the chosen vertical coordinates
system (3D model), values in the glacier topography file (.grd) and the routine related to
Loctopo in the NLLocLib.c source code file.

A.3. Confidence levels computation

Outputs of NLLoc are composed of 3 main files: a header (.hdr) with the model parameters, a
hypocenter file (.hyp) with location informations and a 3D grid of the final pdf values writ-
ten in an octree file (.octree). Note that the generation of the .octree file requires to set
SAVE NLLOC OCTREE on in LOCHYPOUT. Confidence levels are derived from the pdf grid
values. Given that Octree search method provides irregular sampling of the solution space, final
pdf values necessitate first to be regularly resampled using the function oct2grid. Uncertainty
threshold are computed in the following way: all pdf values are descending sorted, summed in
a cumulative way and normalized with respect to the biggest value, in order to obtain values
ranging between 0 and 1. For each confidence level (0.1 to 0.9), the index of the closest nor-
malized pdf value is investigated, and an uncertainty threshold is set using the corresponding
unprocessed pdf value. In case of multiple events, the same procedure is applied, but the sum
of all grids contained in .buf files is considered when starting the process.

A.4. Location plotting

The generation of source location plots using Grid2GMT requires .hdr, .conf, .buf and .hyp files.
With the used version, the 6th line of the .hyp file has to be modified in this way: the 3 last
terms must be replaced by the east, north and z distances between hypocenters and the grid
origin, divided by the grid step (dx=dy=dz). Obtaining a correct figure requires also to remove
characters ranging from 48th to 180 th in lines 48 and 49 of the .gmt file generated by Grid2GMT.
In the vertical cross sections of the GMT plots, both glacier and bedrock topographies at the
maximum likelihood point can be displayed. This is achieved by computing topography profiles
passing through this point and bounded by the east and north limits of the plots. The profile
interpolation within both .grd files is carried out by means of the GMT function grdtrack, and
resulting files are implemented in the .gmt file with the help of psxy. In case of multiple events,
confidence levels can be depicted with the help of associated iso-surfaces derived from the grid
contained in the .buf file.
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Figure A.1.: Source location procedure using NLLoc (Grid2Time, NLLoc, oct2Grid) and plot
of the results with GMT (Grid2GMT). Nodes with bold red contour indicate file
needed to be modified. Circles refer to used routines, rectangles indicate input
and output data and diamond shape nodes correspond to files format. Apart from
arrival times section, all diagrams plotted in the nodes refer to figures commented
in Chapter 4.
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Mainsant, G., Larose, E., Brönnimann, C., Jongmans, D., Michoud, C., and Jaboyedoff, M.
(2012). Ambient seismic noise monitoring of a clay landslide: toward failure prediction.
Journal of Geophysical Research, 117. doi:10.1029/2011JF002159.

Margreth, S. and Funk, M. (1999). Hazard mapping for ice and combined snow/ice avalanches
- two case studies from the Swiss and Italian Alps. Cold Regions Science and Technology,
30(1-3):159–173.

Meier, M. F. and Post, A. (1987). Fast tidewater glaciers. Journal of Geophysical Research,
92(B9):9051–9058.
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Schweiz. Mitteilung 182, Versuchsanstalt für Wasserbau, Hydrologie und Glaziologie der
ETH Zürich.
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hours drive from Grenoble, it was a great change of scenery. I discovered a new language and
had to cope with new habits and ways of doing. In this context, the support I found within my
friends and colleagues (which often mixed up together) was invaluable. The good atmosphere
and productive work environment at VAW is due to my office mates and neighbors, Arne Keller,
with who I shared super nice moments at the office or outside, Daniel Farinotti, always there
to help, or to go skitouring, Patrick Riesen with who I really liked to discuss and the rest of
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