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“Out of the south cometh the whirlwind:
and cold out of the north.
By the breath of God frost is given:

and the breadth of the waters is straitened.”

Book of Job, Chapter 37, verses 9-10
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Abstract

In the present work | investigate the seismic activity of Gagletscher, Switzerland’s second
largest glacier, during the annual drainages of Gorneeseearby ice-marginal lake. During
the summers 2004, 2005, 2006 and 2007, about 200,000 'ikeguaere recorded on Gorner-
gletscher. Most events are consequences of crevasse gperanthe surface. Moment tensor
inversions of such events are consistent with a tensilechsion, which is a highly isotropic
seismic source. | also found about one dozen of near-suitaceiakes whose moment ten-
sors are double-couples. This is solid evidence for sheaturing within alpine glacier ice.
Icequakes near the glacier bed or at intermediate depthes ideentified, although they make
up only a small fraction of the recorded events. | perform raptrtensor inversions for one
intermediate and one basal icequake cluster and find thabtiree mechanisms are tensile dis-
locations, like the typical near-surface icequake. Howeabve catalog of basal icequakes also
contains events whose waveforms show significant diffexenc those that were used in the
moment tensor inversion. This suggests that events withmiatyaf source mechanisms occur
near the glacier bed.

During the warm day hours of the summer, large amounts o&sennelting occurs on Gorner-
gletscher. This meltwater accumulates at the glacier béerevit can raise subglacial water
pressures close to flotation level. Consequently, the Wetel inside boreholes can fluctuate
by up to 100 m on a diurnal scale. The diurnal peak of neaasarkeismic activity occurs

during warm day times, as well. This is explained by incrdamseface deformation caused by
melt-water enhanced basal sliding. On the other hand, sagahic sources are active during
night times, when basal water pressures are low or decgeabims type of seismicity is there-

fore not likely a consequence of melt-water enhanced badalgor hydrofracturing. Instead

| suggest that basal seismicity is caused by large defoomagites of the basal ice layer, which
occur when the glacier couples to the bed after a period ofwetler enhanced sliding. These
findings are consistent with seismic observations conntitéth the drainage of Gornersee.
During the drainage event, large amounts of lake water areedoto the subglacial drainage
system, thus maintaining the subglacial water pressurenagtalevel even during night. The

resulting increase in ice deformation causes a surge inqwgface seismicity. On the other
hand, the activity of basal icequakes near the lake degeasethe onset of the lake drainage.






Zusammenfassung

In dieser Arbeit untersuche ich die seismische Aktivitd&td@m Gornergletscher, dem zweit-
grossten Gletscher in der Schweiz, wahrend der jahrlichele&ung des gletschergestauten
Gornersees. Wahrend der Sommer 2004, 2005, 2006 und 20d@nvea. 200,000 'Eisbeben’
auf dem Gornergletscher aufgezeichnet. Die meisten Bedmiitieren aus Spaltenoffnungen
nahe der Gletscheroberflache. Momententensorinverssmieiner Ereignisse deuten auf Span-
nungsbriche hin, was eine seismische Quelle mit besondaesrhisotropen Anteil darstellt.
Ausserdem fand ich etwa ein Dutzend Oberflachenereignigsdounble-couple’ Momenten-
tensoren. Dies ist ein deutlicher Hinweis auf Scherbrichalpinem Gletschereis. Eisbe-
ben nahe des Gletscherbettes oder auf mittleren Tiefelerstelir einen geringen Anteil der
aufgezeichneten Ereignisse dar. Ich berechne Momensaramfir einen Eisbebencluster auf
mittlerer Tiefe und einen Eisbebencluster nahe des Gletbeltes. Die berechneten Quellme-
chanismen sind Spannungsbriiche wie die typischen seisemsguellen nahe der Oberflache.
Der Katalog basaler Eisbeben enthalt jedoch auch Eregnitsen Wellenformen sich stark
von denen, die in der Momententensorinversion verwendedevy unterscheiden. Dies deutet
darauf hin, dass verschiedene Quellmechanismen am Géetsthauftreten.

Wahrend des Sommers tritt auf der Oberflache des Gornesglets zu warmen Tageszeiten
eine starke Schmelze ein. Dieses Schmelzwasser samniedimicletscherbett an, wodurch
der subglaziale Wasserdruck fast bis an das Schwimmglergdbt ansteigen kann. Dadurch
konnen die Bohrlochwasserspiegel taglich um bis zu 100 nwacken. Die taglichen Ma-
xima der seismischen Aktivitdt nahe an der Gletscherolobdléreten ebenfalls zu war-
men Tageszeiten auf. Als Grund dafir kommen vor allem eehderformungsraten an
der Gletscheroberflache in Frage, weil der hohe subgla¥i@sserdruck die basale Gleit-
geschwindigkeit verstarkt. Basale Eisbebenquellen sadgh aktiver wéhrend der Nacht,
wenn der subglaziale Wasserdruck niedrig oder am Fallen ese Art von Seismizitat
wird deswegen wahrscheinlich nicht durch verstarkteslbadaleiten oder 'hydrofracturing’
hervorgerufen. Stattdessen interpretiere ich diese Bals®eBruchvorgange wahrend starker
Verformungen am Gletscherbett. Starke basale Eisdefayneat werden vor allem dann er-
wartet, wenn der Gletscher nach einer Phase mit grossetg&ehwindigkeiten wieder an das
Gletscherbett gekoppelt wird. Diese Ergebnisse deckdmrsit seismischen Beobachtungen
wahrend der Entleerung des Gornersees. Dann werden grassgel Seewasser dem sub-
glazialen Abflusssystem zugefiihrt, wodurch der subgleafdhsserdruck auch wahrend der
Nacht auf einem hohen Niveau bleibt. Die resultierendedtfsvmung bewirkt einen Anstieg
der oberflachennahen Seismizitat. Auf der anderen Seitteine Abnahme von basalen Eis-
beben verzeichnet.
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Chapter 1

Introduction

1.1 Context

The Icelandic term ’jokulhlaup’ refers to the sudden drgmaf water from a glacial body.
During such a glacier outburst flood, glacier-dammed lakésase their water masses, which
are then routed to the glacier snout via englacial or subgjlaonduits. As a consequence,
the discharge of the proglacial stream can increase by rharedne order of magnitude, often
within hours. To date, these drainage events are difficydtedict and thus pose a serious threat
to human life and infrastructure near glaciated areas.

Theoretical descriptions of jokulhlaups are concernedh Witee particular glaciological pro-
cesses: 1. The description of water flow through its solidsph&. The mechanism leading
to the initiation of the lake drainage (the ’trigger’). 3. dlnteraction of the lake drainage
with the glacier’s flow dynamics. The first process has beeutisized in several investiga-
tions (e. g. Nye, 1976; Spring and Hutter, 1982; Clarke 20@B)ch describe the evolution
of englacial channels as a competition between melt-emtaemt and creep-closure. With this
model, 'slowly rising’ jokulhlaups, which are charactetizby exponentially rising discharge
hydrographs, can be well explained. In these cases, thallakeage is initiated (process 2),
when a hydraulic connection between the lake and the subbthainage system is established.
Concerning the third process, glacial lake drainages aifgiantly influence the glacial dy-
namics when the lake water input into the subglacial drarggtem leads to water-enhanced
sliding (Iken, 1981, Sugiyama et al., 2007).

To this juncture, theoretical treatments of these glagiclal aspects of jokulhlaups do not
include fracture processes which may be involved duringdke water release. At the same
time, high subglacial water pressures during jokulhlaupssibly leading to 'hydrofracturing’
as well as calving events prior to the drainage initiationgiama et al. 2008) suggest a
pivotal role of fracture processes for jokulhlaup dynami@pecifically, during 'rapidly rising’
jokulhlaups, calving events during ice-dam flotation magyger the lake drainage, and hydro-
fracturing can contribute substantially to englacial wateannel formation. Furthermore, basal
motion, which is strongly dependent on subglacial watesguee, may lead to fracturing of
basal ice layers, especially during drastic perturbatideshe sudden lake water input into the
subglacial drainage system.

Beginning with the work of Neave and Savage (1970), fracpupzesses in glacier ice have
been shown to emit seismic energy. The seismic events thatmany crevasse formation or

1



2 CHAPTER 1. INTRODUCTION

stick-slip motion are commonly known as ’icequakes’. In finesent investigation | present a
seismic approach to the study of glacier outburst floodsn@see, an ice-marginal lake at the
confluence of Gornergletscher and Grenzgletscher in Sshatad#s Canton Valais, was chosen
as the study site. | monitored the glacier’s icequake agtinging high-density seismic networks
during four Gornersee jokulhlaups. As this was part of a caiensive field and modelling
investigation, a wealth of data on glacier dynamics and dipdyy was available for comparison
with the findings from the seismic study.

1.2 Aim

The present thesis has two primary goals. First, a quamgtaharacterization of icequakes is
given. | focus on seismic events associated with crevasseing, the most common icequake
type on Gornergletscher, as well as on seismic events, vductr near the glacier base. As a
tool to describe the fracture modes, volumetric changedauitiplane orientations, | use the
seismic moment tensor, which | calculate via full wavefonwersions. The second goal is to
link the basal icequake activity to subglacial processéschvare influenced by the Gornersee
jokulhlaup. In the vicinity of Gornersee, an increase ofdkerall seismic activity can be noted
as a reaction to the lake drainage (Aschwanden et al, 199eN¢d al, 2008). The majority
of these seismic events accompany the opening of surfacedsand crevasses and can be
explained by the abrupt ice-dynamic changes induced bydthdhlaup: First, the lake water
input to the glacier bed enhances basal sliding and, se¢badyressure boundary condition
along the ice dam changes as the water level quickly dromsé@Rri 2007). Despite an increase
of near-surface seismicity, | focus the present study osnsieievents near the glacier bed, as
this part of the glacier is particularly affected by high arpressures and fluctuations thereof.

1.3 Thesis Outline

This thesis is composed of three independent and selfio@a@arts. In the first part (Chapter
2) | perform full-waveform inversions to determine the s@is moment tensors of a variety of
icequake sources. Using Green’s Functions for a homogenratispace | determine source
mechanisms which are responsible for icequakes near tfecewand at intermediate depths.
The developed techniques are extended in the second pais diesis (Chapter 3) to moment
tensor inversions of basal icequakes, which require thergéion of 3D Green’s Functions.

Chapter 4 is devoted to the third part, in which temporal flatbns of basal icequake activity
are analyzed. The findings are compared with other gladicébgata and thus linked to the

drainage of Gornersee.

Before concluding, | also present an outlook for furtherlgsia of the seismic data recorded
during the summers of 2004, 2005, 2006 and 2007. These datarsesuitable for a variety of
additional studies on glacial seismicity which the presevestigation does not cover. Finally,
in the appendices, | give some technical details of the seisrstrumentation, software tools
and the various moment tensor inversion schemes.
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4 CHAPTER 2. ICEQUAKE MOMENT TENSORS

ABSTRACT: We have determined seismic source mechanisms for shallowne
intermediate-depth icequake clusters recorded on the gléer Gornergletscher,
Switzerland, during the summers 2004 and 2006. The selectsgismic events are part
of a large data set of over 80,000 seismic events acquired tvia dense seismic network
deployed in order to study the yearly rapid drainage of lake Grnersee, a nearby ice-
marginal lake. Using simple frequency and distance scalingnd Green’s Functions
for a homogeneous half space, we calculated moment tensodwions for icequakes
with M., =~ —1.5 using a full-waveform inversion method usually applied to noderate
seismic events (M, > 4) recorded at local to regional distances£ 50— 700 km). Inver-
sions from typical shallow events are shown to represent tesile crack openings. This
explains well the dominating Rayleigh waves and compressVfirst motions observed
at all recording seismograms. As these characteristics calpe observed in most ice-
guake signals, we believe that the vast majority of icequalgerecorded in the two years
is due to tensile faulting, most likely caused by surface ck@sse openings. We also
identified a shallow cluster with somewhat atypical wavefoms in that they show less
dominant Rayleigh waves and quadrantal radiation patternsof first motions. Their
moment tensors are dominated by a large double-couple compent which is strong
evidence for shear faulting. Although less than a dozen sudbequakes have been iden-
tified this is a substantial result as it shows that shear fauing in glacier ice is generally
possible even in the absence of extreme flow changes such asimy glacier surges. A
third source of icequakes was located at 100 m depth. Thesewsoes can be repre-
sented by tensile crack-openings. Due to the high hydrostatpressure within the ice
at these depths, these event are most likely related to the gsence of water lenses that
reduces the effective stress to allow for tensile faulting.

2.1 Introduction

Despite recent progress in numerical modelling in glaggldhe effect of brittle deformation
on glacier dynamics has received relatively little attemtiYet surface crevassing, glacier calv-
ing, breaking-off of hanging glaciers and basal stick-slgtion indicate that fracture processes
play a substantial role in glacier motion. Seismic techagoan be of pivotal importance in
the studies of these phenomena as the elastic waves emytfegicturing can be measured at
distance from the source. The sites of interest range froall stpine glaciers to the Antarctic
and Greenland ice sheets including their largest outleigls In every case, accurate timing,
locations and waveforms of glacier-related seismic evalidsv for valuable insights into the
physical processes that govern glacier flow.

Glacial earthquakes are seismic signals associated wijle iglaciers in Alaska, Antarctica
and Greenland (Ekstrom et al., 2003). Although they arengtrenough to be detected on
global seismic networks they have only recently been ifiedti Their seismograms lack the
high frequency initial arrivals traditional event detectitechniques are based upon. The long
period surface waves generated by these glacial eventoatie other hand, be modelled
by single forces representing a slip motion in a directionsistent with the flow of glaciers
near or at epicentral locations. Recently, Joughin et @082 published sound evidence that
glacial earthquakes are related to major calving event® aldtual mechanism that produces
the single forces needed to model the surface waves hasewidentified. Glacier slip motion
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in response to the force imbalance following a calving ewenbtational motion of a calving
iceberg are two possible candidates (Tsai et al., 2008pil@dtanalyses of temporal variations
of glacial earthquakes in Greenland furthermore suggestagionship with surface melt, ice
dynamics and changing global climate (Ekstrom et al., 200 Bsai and Ekstrom, 2007).
Wiens et al. (2008) have recently reported stick-slip motbthe Whillans Ice Stream in West
Antarctica recorded with simultaneous GPS and seismiwimgnts. The latter were located up
to 1000 km away from the West Antarctic Ice Sheet. Unlike tHestrom events’, at least some
parts of the seismic waveforms could be modelled with a dsabluple source. This raises
the question if a new type of glacial earthquake has beewdsed and if there are systematic
differences between the seismic activity emitted by thee@le@nd and Antarctic Ice Sheets.

A much weaker type of seismic activity associated with glaslip motion originates at the base
of Antarctic ice streams and has been investigated for akdecades. These events can only
be studied locally, because they are too weak to be detegtgtbbal or even regional seismic
networks. From the frequency content of the seismogranasibe deduced that the slip during
these events does not significantly contribute to the maifdhe ice stream (Anandakrishnan
and Bentley, 1993 and Danesi et al., 2007). Smith (2006) sbaWwat spatial variations in
basal seismic activity can be linked to variations in subiglaconditions such as deforming and
lodged underlying sediments. Seismic signal characiesiand spatial and temporal variations
in seismic activity also played an important role in studtest aimed at explaining the recent
stagnation of Ice Stream C at the Siple Coast of the West Alitdce Sheet (Anandakrishnan
and Bentley, 1993; Anandakrishnan and Alley, 1994; Anandakan and Alley, 1997a and
1997b).

Recently, O’'Neel et al. (2007) and O’Neel and Pfeffer (208fidied seismic signals radi-
ated from calving events at Columbia Glacier, AK. The fraggyecontent of these ’icequakes’
allows for detection and thus monitoring of the calvingatfivia seismic measurements. Fur-
thermore, frequency contents of the recorded signals keatithors to argue for a fluid-filled

crack source model as the mechanism weakening the ice antliallg leading to calving.

Icequakes in alpine glaciers have been investigated iniatyasf contexts. Several types of
source mechanisms have been postulated or assumed sucfaas stevasse formation (e. g.
Neave and Savage, 1970; Deichmann et al., 2000), stickesltpn (Roux et al., 2008; Weaver
and Malone, 1979), resonant water-filled cavities (Métaueial., 2003) or bottom crevasse for-
mation due to increased basal drag during low subglaciammessures (Walter et al., 2008).
Whereas these conclusions were drawn on the basis of hyfakkacations, temporal varia-
tions in activity or frequency content of the seismograms,are unaware of any publication
on full waveform inversions for the source parameters feséhclasses of events. Information
about source-types, source geometry and volumetric clsamgen new possibilities to study
glacier dynamics and hydrology via seismic techniques. écdjz question to be answered is
what kind of fracture modes are possible inice. Are all icdeps a result of tensile fracturing
or can they also be due to shear faulting? Furthermore, thiesanechanisms of icequakes
at greater depths may also shed some light on the influentevettar has on fracturing (hy-
drofracturing). Presence of pressurized water can gdneealuce the effective stress and thus
drive tensile cracks into basal ice layers (Van der Veen8b®9Similarly, englacial water flow
may open up or enlarge cavities within the ice.

In this manuscript we present a method for moment tensorsies using full waveforms of
icequakes that were recorded on Gornergletscher, Svatmbriduring the summers of 2004
and 2006. The data used for the present analysis were ag@srpart of an investigation of
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the yearly subglacial drainages of Gornersee, a nearbyarginal lake (e.g. Huss et al., 2007;
Sugiyama et al., 2007; Walter et al., 2008). The moment raasoconcise representation of the
seismic source in terms of force couple equivalents ancettsrchination is a standard practice
in earthquake seismology (e. g. Jost and Hermann, 1989; mkiRachards, 2002). Whereas
tectonic earthquakes are expected to have pure doubldecenyrces, typical icequakes can be
expected to be related to tensile failure. Their sourcesluags be expected to have significant
isotropic and compensated linear vector dipole (CLVD) conents (see Appendix A). Thus
deviatoric moment tensors inversion routines used to destypical earthquakes are not ade-
guate for icequake sources. Using the general method gmakloy Dreger (2003) we follow
Minson and Dreger (2008) to calculate full moment tensorwelsas investigate the applica-
bility of constrained moment tensors that constitute ptglsnodels of specific sources such as
tensile crack openings and shear faults. We will focus tladyais on seismic events that origi-
nate from near the glacier surface as well as from interntediepths, a considerable distance
from the surface crevassing zone and from the glacier bed.

2.2 Field Investigations and Instrumentation

2.2.1 Study of Gornersee Outburst Floods

Ice-dammed masses of water exist essentially in any typ&ofad environment. Their sudden
drainage can increase the discharge of the proglaciahstreea catastrophic way (see Roberts,
2005, for a review). This phenomenon is also known by thealugic term ’jokulhlaup’. The
physics behind such drainage events has been studied tibatlye(Nye, 1976; Spring and
Hutter, 1981; Spring and Hutter, 1982; Clarke, 2003). Y&ujtlaups remain a considerable
threat to human life and infrastructure, because they tematd¢ur irregularly and remain hard
to predict.

The lake Gornersee is a marginal glacier-dammed lake thatsfat the confluence of the main
tributaries of Gornergletscher in the Valais region of @ettand (Figure 2.1). It forms every
spring with the advent of the melt season and drains in tHewolg summer, often within
days (Wilhelm, 1967; Bezinge et al., 1973; Aschwanden anturelgut, 1982; Huss et al.,
2007). At its highest water level, the basin of Gornersee aarain up to4 x 10°m?* and
maximum discharges during the drainage event can be as kigbma’®/s. The discharge of
Gornergletscher’s proglacial stream can increase sugdenésponse to the lake drainage. In
the past this has caused damages to the downstream towmoadZ¢Rraymond et al., 2003).

Gornersee is particularly suitable for a jokulhlaup stutthere exists a wealth of available data
on the glacier and lake, it is easily accessible and the dgaievents occur on a regular, yearly
basis. The ETH Zurich has conducted detailed observatanhtheoretical investigations dur-
ing four drainage events. The focus is directed towardsnstaieding the triggering mechanism
of the lake drainage. To this end changes of glacier dynamyaiaulics and seismicity in ad-
vance of and response to the drainage are monitored. Ircplartithe seismic investigation is
aimed at clarifying the role of brittle deformation of icethin the glacier and near its bed as
the englacial water pressure rises drastically during thadge event.

For a detailed description of the instrumentation and seistata as well as detection and
location algorithms, the reader is referred to Walter et(2D08). The present work focuses
on data obtained with seismic arrays in 2004 and 2006, baihated near the ice dam (Figure
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Figure 2.1: Location of Gornergletscher (a) and map of tem@fuGornergletscher (b). The lat-
ter also shows Gornersee, the locations of the seismic mietw(loox near the lake) and contour
lines (in meters above sea level) that approximate theagyfadurface (solid) and bed (dashed).
Ortho-photographs with seismic networks from 2004 and 28@6shown in ¢ and d, respec-
tively. Seismometers are indicated by triangles and epecerf event clusters studied in this
work by stars (surface cluster A, surface cluster B as wdlleassl and intermediate clusters and
explosions). Triangles with dots indicate sites where asarand a deep borehole seismometer
were installed. The solid line represents the outlines ah@see at the maximum water level
reached in the corresponding year. Coordinates are givireiSwiss Grid. Upper portions of
both ortho-photographs are darker reflecting moraine defrithe glacier surface. In panel d
the cross-sections shown in Figure 2.3 are indicated by thewashed lines.
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2.1), where the lake drainage has a severe impact on the mamdgs (Sugiyama et al., 2007).
In 2004, the operational period was between June 14 and Juty2®06 it was between May
28 and July 23. These time windows were selected to collget idaadvance of and during
the lake drainage. In addition to the surface seismometexs) array contained one or more
seismometers at depths betweé@m and250 m to better constrain hypocenter locations. The
high pass corner frequencies of the sensors were betweeraidi28 Hz and the instruments
were operated at high sampling frequencies (1000 Hz - 400@H@gger mode.

2.3 Icequake Waveform Discrimination and Locations

Over 35,000 and 50,000 icequakes were recorded during tdesBasons of 2004 and 2006,
respectively. In agreement with seismicity observed iwvipies studies on alpine glaciers (De-
ichmann et al., 2000; Neave and Savage, 1970), we assdugat@st majority (over 99 %) of
these signals with crevasses opening near the surfacenfdpiae glacier, surface crevassing
is confined to the top 20 m of the glacier ice (Paterson, 199vater-filled fractures which can
potentially penetrate the glacier to larger depths havebaeh observed at the study site. As
the main goal of the seismic investigation on Gornergledsgas to investigate brittle fracture
of glacier ice due to englacial and subglacial water flownévéhat occur well below this depth
are of particular interest. An automated waveform disanaitdr and cross-correlation search
were used to efficiently identify about 1,000 events each yé¢wse waveforms are substan-
tially different from those of the typical surface crevassents (Walter et al., 2008). Arrival
times of these events were picked by hand. The hypocenteesdeéermined via an inversion
algorithm identifying a location in space that minimizes thfferences between calculated and
hand-picked arrival times (Lee and Steward, 1981). Ovevally a very small portion of ice-
guakes (without reliable statistics, we estimate sigmifiiyadess than 1% of the complete data
set) has been located at depths well below the reach of sucfagasses.

In the remainder of this paper we discuss specific groupsexfuakes recorded on Gorner-
gletscher. We present source mechanisms of typical exanopkehallow as well as deep ice-
guakes. In addition, we analyzed a group of shallow icegaiakiéh double-couple sources
and fundamentally different signal characteristics frotgmcal shallow event associated with
crevasse opening. Even though interesting, we have foulydvery few such exceptional ice-

guakes and their number may be statistically insignificaibimparison to the large number of
crevasse opening events. Yet their occurrence raises sgmarhental questions concerning
the nature of brittle deformation of ice.

2.3.1 Characteristics of near-surface events

Icequakes from a number of surface crevasse fields werededtar both summers. The seismic
arrays had an aperture 200 m and were placed near a rather active surface crevassieg
(Figure 2.1) and thus a large number of near-surface eventsnecorded with a good azimuthal
coverage.

The waveform of a typical near-surface event is shown in féidu2a. This event is part of
a cluster of 5 events (henceforth 'surface cluster A), whaccurred between June 21 and
June 22, 2004 near station A4 (epicentral location showngnrg 2.1). The relatively short
period of activity (24 hours) of this cluster likely refle@dscrevasse opening leading to stress
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Figure 2.2: Velocity seismograms of four types of icequakesrded by surface seismometers.
The seismograms of the two shallow events (panels a and Ig)neeorded at the same station
(B3). Since the sources occurred close to each other, theatfit relative strengths of the S-
and Rayleigh phases are likely due to source effects rathergath effects. The seismograms
of the intermediate and basal events (panels ¢ and d) shdwiHiggquencies and are dominated
by impulsive P- and S-waves. They do not have a notable Rayfgiase. The P-waves of the
shallow events, on the other hand, are hardly visible. Tétexal P, S, and Rayleigh-arrival
times are indicated by arrows.
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Figure 2.3: Hypocentral locations of the icequakes preseimtthis paper. The plots are taken
along two cross-sections (Figure 2.1d). A (left) is along skeepest gradient of the glacier bed,
corresponding roughly to the direction of glacier flow, andright) is perpendicular to this
steepest topography (see Figure 2.1 for bed topographyg.sides of hypocentral markings
indicate location uncertainties in horizontal and vettaigections.

relaxation. All events occurred within meters of the glasierface (Figure 2.3). As is typical

for most icequakes, the signals of this cluster are chaiaeteby compressive first motion at
all azimuths. This is evidence for a significant isotropicrnemt tensor component. A further
typical characteristic is the dominant Rayleigh wave atengistant stations such as B3, for
which the waveform is shown in Figure 2.2a.

Figure 2.2b shows a waveform of a surface event that belangsdther cluster inside the
crevassing zone (henceforth 'surface cluster B’). Thistdualso consists of 5 events and it
was active for only a few hours on July 5, 2004 (see Figure @.Epicentral location). The
waveforms show substantial differences to those of sudheter A. For equal source-receiver
distances and azimuths, the Rayleigh wave of the surfaséecIB events is less developed than
that of the surface cluster A events. Specifically, at staB8 the S-wave is stronger than the
Rayleigh wave, whereas for the surface cluster A eventstitasother way around (compare
panels a and b of Figure 2.2). These differences are mo$t tkesed by source effects rather
than path effects, because the epicenters of both surfasted lie within 40 m of each other
and their depths are also comparable (Figure 2.3). The fiigaks of surface cluster B events
suggest a quadrantal distribution of compressive andaditatal motion (Figure 2.4), which
is typical for double-couple sources. This characteristis only been noted in about a dozen
icequakes. The usual case is compressive first motion atialughs like the events of surface
cluster A.
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Figure 2.4. Distribution of compressive and dilatationalvals around a surface cluster B
event recorded on the 2004 seismic network (Figure 2.1). élleat epicenter is indicated by
the star. Dots and crosses mark seismometers with upwargreseive and downward dilata-
tional first motions, respectively. Empty circles are stasi at which the first arrivals were not
impulsive enough to determine their polarity. The obsep@drities suggest a quadrantal radi-
ation pattern consistent with a double-couple source. Hs@ed lines separate the quadrants.

2.3.2 Characteristics of Deep Icequakes

About 80 and 200 icequakes were located at depths well bélewsurface crevassing zone in
2004 and 2006, respectively. In 2004, all of these event®e Wmrated near the glacier bed,
whereas in 2006 about 20 were located at intermediate deldibst basal icequakes cluster in
distinct regions. A waveform from an event belonging to aabakister is given in Figure 2.2d.
This cluster lies at a depth of 160 m, in the immediate vigioit the glacier bed (epicentral
location shown in Figure 2.1) and consists of 29 events tbaiiwed over a period of more than
two weeks. The waveform shown has a higher frequency contenpared to the signals of
near-surface events. The lower frequency content of ther lstexplained by the high density
of vertical crevasses in the shallow ice layers, which terfdter out high frequencies for waves
from shallow events which must cross the crevasses. Tyf@atires of deep icequakes are the
impulsive P wave and the lack of a notable Rayleigh wave.

Three events located at 100 m depth constitute another éyaatinvestigated in this study
(Figure 2.2c). They form a cluster (henceforth 'interméel@uster’) which was active for a few
hours on June 16, 2006 (see Figure 2.1 for epicentral latathd this depth, they are occurring
significantly below the surface crevassing zone, and thegaizbe associated with fracture near
the glacier bed. For modelling purposes, reflection efferor® the surface and the glacier bed
can thus be neglected at this depth. Like the basal evemtsighals of the intermediate events
contain more energy at high frequencies than surface ewvamdsalso show impulsive P waves.
S-phases of the intermediate icequakes are strongest tratiseerse components whereas for
basal cluster events the S-energy is dominant on the raahigbonent. This does not seem to be
an effect of different source-receiver azimuths and is thuesto different source mechanisms
or reflections off the glacier bed in the case of the basalteven

In the present study we focus on source modeling of neaaseirdnd intermediate events.
Whereas we present some basal events for the sake of congdsieve do not show any wave-
form modelling results of their signals. For sources nearglacier base, the 2D or even 3D
topography of the glacier bed produces complicated redlestihat cannot be accurately mod-
elled using a 1D velocity profile. Synthetic seismogramsnskimat these sources are close
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enough to the ice-bedrock interface that the reflectiorexfite with the direct waves. Thus,
the amplitudes of the first arrivals are substantially aliedf Green’s Functions are calculated
for an incorrect velocity model, these changes in amplitndg be mapped into source proper-
ties rather than path properties. For the intermediate aadsurface events this effect is less
severe as the reflections are weaker and are part of the cddeapart of the direct waves.

Furthermore, the waves of intermediate events traversefewl surface crevasses on their way
to the surface seismometers, compared to the waves of ndaces events. For these reasons
source modelling of intermediate events is found to be alarly straight forward.

2.4 Moment Tensor Inversions

2.4.1 Motivation for Study of Various Source Types

A large variety of seismic sources such as explosions, dhelis, tensile crack openings, as
well as combinations thereof can be represented by a lirmabination of elastic responses
to force couples. The relative strengths of the individoaté couples are given by a 2nd rank
symmetric moment tensor (e. g. Aki and Richards, 2002). Thusment tensors contain

information about underlying seismic source mechanisndsgamse a rigorous characterization
of seismic sources.

The inversion of broadband waveform data from seismogrampsiduce moment tensor source
mechanisms is common to study seismic sources (see Joseamahh, 1989 for a review). An
unconstrained full moment tensor inversion may suffer fraamerical instabilities (Dufumier
and Rivera, 1997). This problem is usually tackled by impgsnathematical constraints in
the inversion scheme. A common example is the inversion abtec earthquakes, where
the isotropic component of the moment tensor is forced tastaras the sources are usually
expected to be double-couple. In this case, a large comiehkaear vector dipole (CLVD)
component usually indicates errors with the Green’s Foneti

A nonzero isotropic component indicates that the sourcemagndergoes a volumetric change
during the seismic event. In order to interpret the volumethange calculated from the
isotropic moment correctly, the source geometry must bertahto account (Muller, 2001).

An explosion possesses a purely isotropic moment tensdre&rgault, associated with tectonic
earthquakes, gives rise to a purely deviatoric doubledeompment tensor. The CLVD can also
be completely described by a deviatoric moment tensor.

The CLVD source mechanism does not correspond to a spectaradd physical process, but
can be explained by more complicated mechanisms. Exammdeshaar faulting near discon-
tinuities of elastic moduli, rapid polymorphic phase chesm@Julian, et al., 1998) and tensile
cracks accompanied by compensating implosions (Juliarsgridn, 1985). The CLVD source
has been used to describe volcanic events (e. g. Julian pkioh S1985) and deep earthquakes
(Knopoff and Randall, 1970).

An important example of a source represented by a combmafian isotropic and a deviatoric
moment tensor is the tensile fracture, also referred toea'¢eghsile crack’ model. The deviatoric
part is a pure CLVD and its strength relative to the isotraqmmponent is dependent on the
Poisson’s ratio of the material constituting the source &ppendix A). In the present work
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we assume a Poisson’s ratio of 0.36 which was found to yietlgeaveform fits and lies in
the ranges of Poisson’s ratios for ice as given in Turcottelaarson (2002). For comparison,
Minson et al. (2007) assume a Poisson solid with a Poissatisof 0.25 for the source region
of volcanic events. With the Poisson’s ratio used in the gmmegcequake study, the isotropic
component of the tensile crack moment tensor is almost fiwvedilarger than the CLVD.

A linear combination of the double-couple and the tensilckrmoment tensors (henceforth
‘crack+DC’) constitutes a model that is highly relevantiie present work. Recently, Minson
et al. (2007) applied the crack+DC model to seismic and geodata of the 2000 Miyakejima
volcanic earthquake swarm. The authors argue that this ingparticularly applicable to seis-
mic events induced by magma propagation. In the case ofajlseismicity we expect tensile
fracturing, which represents a special case of the crackrid@el, to be a likely failure model.
Under normal flow conditions the opening direction of perwasrevasses is parallel to that of
maximum tension, even in regions of simple shear such astheaglacier margin (Paterson,
1994). Representing a tensile fracture, a tensile crackeitbds provides a plausible mech-
anism for crevasses opening. On the other hand, Roberts @Qfl0) observed fracturing on
the surface of Icelandic glaciers that developed duringigldake drainages and showed some
indication of shear failure. This suggests that duringapchanging dynamic or hydrological
conditions, glacier ice may undergo shear failure. ThelefB€ moment tensor poses a plau-
sible model for both, crevasses opening and shear faultingex! by abnormal ice flow, as well
as any superposition of the two processes.

Deviatoric and crack+DC moment tensors are used in constlanoment tensor inversions.
Besides yielding numerical stability, constrained moniensor inversions are a means of test-
ing the applicability of a certain source mechanism. Fotainse, in the present work we will
repeatedly test the hypothesis of a tensile crack sourcésolfor icequakes by comparing the
fit quality of the crack+DC inversion to that of the full monteansor inversion. If the latter re-
sults in much higher fit qualities, the tensile crack momensor does not explain the observed
seismograms, but if both equally well solve the problem siihgple, constrained mechanism is
proposed.

2.4.2 Numerical Tools

In our approach, we use 1D Green’s functions representirgraogeneous half space with P-
and S-velocities 08.63 km/s andl1.76 km/s, respectively. The corresponding seismic attenua-
tion quality factors are 600 and 300, respectively. As dised in the following section, thisis a
good approximation to the velocity model of the glacier. Green’s Functions were computed
using the FKRPROG software developed by Chandan Saikia & (Hikia, 1994). The devi-
atoric and full moment tensor solutions were calculatedgphang a corrected form (Minson
and Dreger, 2008) of the linear time domain moment tensargiwn scheme used by Dreger
et al. (2000) and Dreger and Woods (2002). Moment tensoilseaétack+DC model were de-
termined with a grid search algorithm developed and apfjeblinson et al. (2007). Whereas
the full inversion scheme has 6 degrees of freedom correlpgito the unique elements of the
moment tensor, the deviatoric and crack+DC inversion seiseonly have 5 degrees of freedom.
As a measure of fit quality, theariance reductionVR, given by

[ (data — synthetic)* dt

VR =({10- [ (data)? dt

) x 100% (2.1)
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was calculated for each fit. A perfect fit givesariance reductiorf 100%. Following Temple-
ton and Dreger (2006), the variance reduction is also useeérormF-test statistics (Menke,
1989). This is necessary as the fit quality is expected teeass with the complexity of the
model. Specifically, we evaluate if differences in varianeduction calculated with the dif-
ferent inversion schemes reflect physical source progeotiaf they are consequences of the
different numbers of degrees of freedom included in the@®unodel. The time offset used
to align data and synthetics to maximize the variance réalucs called thezcorvalue. In all
cases thecorvalue is adjusted manually through trial and error to insegthe variance reduc-
tion of the waveform fit. It should be mentioned that althotigdrsame Green’s Functions and
the samezcorvalues are used in the three different inversions for a gexemt, the variance
reduction of the crack+DC grid search sometimes exceedsati@nce reduction of the full
moment tensor inversion. This is not expected as a full méneEsor contains more degrees
of freedom than a crack+DC moment tensor (6 and 5, respégtiviene crack+DC grid search
can find fits with higher variance reductions because it meedaithe variance reduction itself.
The full and deviatoric moment tensor inversions, on thewottand, determine a least square
solution. Both techniques minimize a measure of misfit, batrespective maxima and minima
do not necessarily coincide. Usikgtest statistics we found that whenever the crack+DC in-
version calculates a slightly higher variance reducti@nttine full moment tensor scheme, it is
not statistically significant.

2.4.3 Moment Tensor Inversion for Icequakes

The moment tensor related numerical tools described inténvqus section typically are used
to model signals from moderate seismic eventsg (M4) recorded at regional distances {0 —
700 km). Relevant periods of these signals are between 10 ansl 0@ Green’s Functions are
generated for 1D velocity models appropriate for these dsimas and frequencies. In order to
apply these available software packages to our glaciatf@mvient, we scaled the dimensions
of the seismic network and consequently of the whole glaasewell as the sampling rate of
our data by a factor of 1000. Seismic velocities and matgriaperties are not affected by
this scaling, so the ratio of wavelengths to spatial dimamsis preserved. A reflectivity code
(Muller, 1985; Ungerer, 1990) served as a means to verifyréselts given by this scaled
inversion, because it allows for the generation of syntregismograms at glacier dimensions.

Using active seismic techniques, Deichmann et al. (200dmo significant depth depen-
dence of seismic velocities inside UnteraargletscheriZéwand. Their study site, like the one
of the present investigation, was located in the ablati@a @nd no firn or snow was present.
In order to determine the seismic velocity structure of thuelg site of the present work, ac-
tive seismic measurements were also conducted on Gortssigée (Gischig, 2007) producing
a velocity tomography based on arrival time inversions aasgleform modelling. The results
show that below the crevassing zone, the seismic velocite®t vary significantly with depth.
The seismic velocities of the top 20 m, however, can be saaifly lower due to crevasses and
fissures. Since the thickness of this slow layer is still $enéhan the wavelengths at which the
moment tensor inversions are performed, Green’s funcaomsalculated for a half space with
P- and S-velocities df.63 km/s andl.76 km/s, respectively.

The influence of crevasses, fissures and other inhomogenheiiar the glacier surface also
manifests itself in scattering and reflecting of seismic @gavThe resulting complexity in the
waveforms was reduced by using an acausal two-pole, twe{paterworth bandpass filter.
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As crevassing causes scattering and attenuation mainlytneaurface, the seismograms of
near-surface events were filtered between 5 Hz and 30 Hz afh#nese of intermediate events
were filtered between 20 Hz and 60 Hz.

Moment Magnitude Scaling

Scalar moments were calculated in two different ways. Incde of the deviatoric moment
tensor inversion the equation

_ [mh] £ [m]
B 2

was employed, wher#/, is the scalar moment and} andm;, are the largest and the smallest
deviatoric eigenvalues (in absolute value) of the momergde respectively. For the moment
tensors calculated via the full and the crack+DC momentteimsersion schemes, the scalar
moment was determined by

M, (2.2)

trace(M)
3

whereM is the full moment tensor (Bowers and Hudson, 1999). Noteftva double-couple
source both equations yield the same scalar moment.

The artificial scaling of the sampling frequency and the seueceiver distances affect the
calculation of the scalar moment. To determine the scaltpf of the scalar moment cor-
responding to a scaling of distance and frequency by a faftd000, consider the following

analytical expression for the scalar moment of a doublgsleosource (e. g. Boatwright, 1980):

47Tp;1c/2p1/25;/2ﬁ5/2 T
My = ———giregr— R / uSH (1) dr (2.4)
0¢ 0

Here,p, andp, are the densities at the station and source, respectigglgnd 3. are the re-
spective S-velocitiesFéfbH is the radiation coefficient ang®* is the free-surface amplification;
R is the hypocentral distance and” (¢) is the ground displacement due to the SH-wave. The
integration is performed over the duration of the S-wavehle €alculation in Equation 2.4 can
also be applied to P or SV-waves. However, in these casegdhesfirface amplification is
affected by mode conversions, whereas in the case of SHswhigsimply a factor of two.
Scaling the sampling interval increases the value of thegnatl by a factor of 1000. Another
factor of 1000 enters the expression via scaling of the soteceiver distance R. Therefore, the
scalar moment is overestimated by a factor@f This was verified for each event with forward
modelling of the waveforms using the reflectivity code. Fatoaible-couple event, Equation
2.4 constitutes a second possibility for calculating th@acmoment using the unscaled sig-
nals. Although the result of the moment tensor inversiorrestamates the scalar moment by
108, the fault plane geometry and the corresponding radiatimﬁficientFéj)H are unchanged
as geometry is unaffected by the scaling. This can then lktogether with SH displacement
of the unscaled seismograms integrated in the time domaihtton the scalar moment.

Once the corrected scalar moment has been determined uguai@ns 2.2, 2.3 or 2.4, we
calculate the moment magnitud¥,,, via (Hanks and Kanamori, 1979)
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M, = (2/3)log My — 6. (2.5)

Note that in this equation/, is given in units of N m.

Station Selection

As the instruments were placed directly on the glacier ingase melt required daily aligning
and leveling of the seismometers. Even this did not guaeacwerect alignment at all times.
Therefore, the seismograms were scrutinized for qualifprieethe inversion schemes were
applied. One means to check for correct alignment was torerkat the P-wave is primarily
present on the radial component. Since a misalignment waslys combination of rotation
and tilt, it was not possible to reorient’ the sensor via @rcinate axes rotation about the
vertical axis at the data processing stage. FurthermoreprZBD scattering effects, that the
1D Green’s Function cannot account for, could result in Brgynon the transverse component.
Therefore, the presence of significant P-signal on the vexss component was a criterion to
exclude the seismogram from the inversion.

Thezcorvalue determined in the inversion schemes is a further setecriterion. Clinton et
al. (2006) have shown that tzeorvalue increases linearly with epicentral distance. D @est
of thezcorvalue from this linear relationship thus provide a good &&ba criterion for the set
of stations to be used in a moment tensor inversion.

As a last check, the fit quality of each station was evaluatethe fit of a seismogram was
of extremely low quality compared to the other stations mshme inversion, it was removed.
However, this was rarely the case. A possible bias may beduoted by differences in az-
imuthal coverage resulting from different sets of seismaowg used in the inversions. This was
important for the case of the intermediate cluster wherentimaber of suitable stations was
between 10 and 14. Therefore, only the set of suitable ssattommon to all events was used
in the individual inversions.

2.5 Discussion of Inversion Results

2.5.1 Inversion of Explosion Signals

In order to investigate the performance of the moment temsersion using a human source,
we first present the results of the full inversion schemeiegpb two explosive charges set
off at depths of 0.5m and 50 m in the summer of 2004. The formees placed into a small
borehole, 0.5 m deep and about 5 cm in diameter. Subsequéetlyorehole was filled with ice
to the glacier surface. For the 50 m deep explosion, the ehaag suspended in a water-filled
borehole that had a diameter of about 30cm. The epicentatitms of both explosions are
close to station G4A5 as shown in Figure 2.1. Figure 2.5 shbe/sesulting waveform fits for
the unconstrained inversion. The signals of the 0.5 m and 88ep explosions were band-pass
filtered like the icequakes at shallow and intermediateltgpespectively. The overall variance
reduction of the inversion of the shallow shot (Figure 2per) is 80 %. At most stations the
frequencies and amplitudes of the dominant phases are gtdalll. The focal mechanism
shows compressive first motions at all azimuths, which igetgd for an isotropic source. This
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Figure 2.5: Waveform fits of explosions set off at depths &frB.(upper) and 50 m (lower).
Solid lines are data and dashed lines are synthetics. BEmtdéocations are shown in Figure
2.1. Both fits were obtained using the full moment tensornsio® scheme. As with icequakes,
the signals of the shallow explosion lack the high frequesiéound in the coda of the deeper
explosion. Despite some signal on the tangential compo@mplitudes and phases as well
as frequencies are well modelled with a variance reductid0d86. The variance reduction
of the deeper shot is substantially lower at 57 %. This refl¢iaeé considerable quantity of
signal-generated noise observed on all components. Indas#s, the plot of focal mechanism
indicates a highly isotropic source as expected for expiwsi

62.50 ms
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is also in agreement with the observed P-polarities. Themome signal on the tangential
component that is not expected for a perfectly isotropica@uSome of it may be due to shear
energy released in response to the explosion. Howeveg sinome stations, such as G4B2,
this wave phase is not modelled, it may be due to source sffeat cannot be described by a
first order moment tensor or to complicated path effects.

The signals of the deep shot (Figure 2.5, lower) containdrigtequencies than the shallow
shot as discussed in Section 2.3.2. Although the dominaaggshare again matched well there
is significant signal-generated noise on all componentsddranot be reproduced by the syn-
thetics. This causes a lower overall variance reduction7c¥5 The signal-generated noise
may be due to waves traveling along the walls of the borehelethermore, the presence of
a strong phase on the tangential component of some stasiocis,as G4B4, hints towards the
release of shear energy during the explosion, similar tshiadlow explosion. The plot of focal
mechanism again indicates a dominant isotropic momenotemsnponent.

It should be stressed that despite an approximately equaliainof explosive charge the mo-
ment magnitude of the shallow explosion is more than a madeitarger than the deep explo-
sion. Comparison with two other near-surface shots and twtssmade at 100m and 150 m
gave similar magnitude discrepancies. The magnituderdiifee therefore does not change
with depth, but exists between shallow shots and deep blershots in general. We suggest
two explanations for this observation: The first one we refexs the 'free surface effect’, which
arises when a seismic source is located at shallow depthsarechto the wavelength used in the
moment tensor inversion (Julian et al., 1998). In such ¢aBemnormal tractions and their as-
sociated excitation coefficients vanish and consequentlytbree moment tensor components
can be determined. The isotropic part of the moment tensereisas M. and M, cannot
be resolved. Therefore, in the approximation of a symmétstorder moment tensor, a hori-
zontal tensile fault, for instance, located at such shatlepths does not radiate seismic waves.
Ford et al. (Identifying isotropic events using a regionalment tensor inversion, submitted to
theJournal of Geophysical Researc@008) investigated this effect for regional moment tensor
inversions of nuclear explosions using synthetic seisarogr Their results suggest that the
free surface can contribute to the magnitude discreparigyeles shallow and deep explosions,
however it is unlikely to explain the difference of more trmmagnitude. As a second reason
for this magnitude difference we suggest differences imptiog of the explosion to the sur-
rounding ice. The surface charges were placed into a muchesrhale (5 cm diameter) than
the deep borehole charges (30 cm diameter). Whereas trezsutiarges were covered with
tightly packed ice debris, the borehole charges were hgrfgeely in the water-filled borehole.
The coupling for the borehole explosions is likely much mwpespecially in the z-direction.
The low value for)M, ., shown in Figure 2.5 (lower) reflects this.

We stress that the magnitude differences observed for #iilvahand deep borehole explosions
may be partially due to free-surface effects. This has to @@ kn mind when comparing
inversion results of shallow and deep icequakes.

2.5.2 Source Discrimination
Source-Type Plots

In order to evaluate the inversion results, we need to coenaiance reductions and moment
tensors determined by the three inversion schemes (fwilatigic and crack+DC). The variance
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Figure 2.6: Grid for source-type plot after Hudson et al.840 The value T (near vertical
grid lines) characterizes the deviation of the deviatodad pf the moment tensor from a pure
double-couple, whereas k (near horizontal grid lines) iasare of the strength of the isotropic
component. Any given area on the plot is proportional to ttabability that the (T,k) values
of a completely random moment tensor lie within this areax¢eethe distorted shape of the
source-type plot). The locations of basic source mechansroh as double-couple, explosion,
crack, dipole and CLVD are marked. Whereas (T,k) values afrasonstrained moment tensor
can lie anywhere within the plot area, the solutions of deviaand crack+DC moment tensors
lie on the indicated lines.

Table 2.1: Variance reductions (in %) of moment tensor inversion fits for the events discussed
in this paper. Having the most degrees of freedom, the full moment tensor inversion scheme
usually exhibits the highest fit quality. For all intermediate events, the results of the deviatoric
inversion scheme show significantly lower variance reductions than those of the full and the
crack+DC schemes. Small differences in station selection exist, but the band-pass filter of the
events within a cluster is the same.

| Event [ Full | Deviatoric| Crack+DC]|

SURF A1] 74 71 75
SURF_A2| 63 58 62
SURF A3| 71 66 72
SURF A4| 65 57 65
SURF_A5| 74 68 73
SURF B1| 74 74 73
SURF B2| 73 73 74
SURF B3| 72 71 67
SURF _B4| 77 77 75
SURF B5| 74 74 72

INT 1 64 36 62

INT 2 69 44 68

INT 3 65 50 67
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reductions are given in Table 2.1. Following Hudson et e#8@) we use source-type plots as a
means to characterize the calculated moment tensors éR2gily. Source-type plots are a means
to illustrate the source mechanism represented by a momesoit using the two parameters
k (near-horizontal lines) and@ (near-vertical lines), which are calculated from the diria
eigenvalues (Equation 2.2) and the isotropic moniéps as follows:

!/

T= (2.6)
M.

_ iso 27

5= T+ @7

The representation of a moment tensor using these parameiadependent of the geometry
of the source, such as fault plane orientations. The pamrhaetharacterizes the degree of
isotropic component, with = 0 yielding a purely deviatoric and = 1 (k = —1) an explosion
(implosion) moment tensor. Thus, any purely deviatoricrseus plotted on the horizontal
line £ = 0. The paramete?’ indicates how much the deviatoric moment tensor component
differs from a pure double-couple sourcél’, k) = (0,0) represents a pure double-couple,
whereag T’ k) = (1,0) and(T, k) = (—1,0) are the parameters of a pure positive and negative
CLVD, respectively. The moment tensors of a tensile crack@added to a double-couple
source lie on a line connecting the positive and negativekcvaa the double-couple location,
assuming that the tensile crack and double-couple fauttgslaoincide (Julian et al., 1998).
The special feature of source-type plots is that a givenangae(T', k) grid is proportional to

the probability that thd” and% values of a moment tensor lie within this area, assuming no a
priori constraints on any moment tensor element.

Source-Type Plots for Explosions

Figure 2.7 shows the source-type plot of the full momentdens/ersions of the explosions.
Both moment tensors have high k values meaning that they arendted by the isotropic
component. However, both solutions show some deviatongpoment meaning that they are
not pure explosions. This is likely an effect of shear stresased during the explosion, that
can also explain some of the signal observed on the tangjeotiponents of the explosion
seismograms (Figure 2.5). At the same time this may alsoctestame numerical instability
that a full, unconstrained moment tensor inversion is slige Keeping these observations in
mind we will use source-type plots as approximate indicavdunderlying source mechanisms.

Near-Surface Tensile Crack-Type Events

Table 2.1 gives a summary of the moment tensor inversion dlitgufor all events considered.
The corresponding moment tensors are given in Appendix Bz flih moment tensor inver-

sion usually exhibits the highest variance reduction, bseat allows the maximum number of
degrees of freedom.

Figure 2.8 shows the waveform fits from the full moment temsegrsion of a shallow icequake
belonging to surface cluster A. With an average varianceaoh of 74 %, amplitudes and
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Figure 2.7: Source-type plot for moment tensors of the stadixplosion (star) and 50 m deep
shot (circled star) as determined by the full inversion sedéFigure 2.5). Both moment tensors
show a large isotropic component (high k value) as expectedrf explosion.

frequencies of the measured seismograms are well reprodiycehe synthetics. The plot of
focal mechanism indicates compressive first P-motions asrgbd on all stations.

Panels a,d and g of Figure 2.9 show the inversion resultsiffeice cluster A. The full moment
tensor inversions indicate a dominating isotropic compbigeanel a). In this regime the pa-
rameter T has little significance. Given the scatter of tiselts, no conclusion about the nature
of the deviatoric moment tensor component can be drawn. €umric solutions (panel d)
represent sources with mostly double-couple and someinedzitVD component. In the case
of the crack+DC inversion (panel g), all solutions are daated by the positive tensile crack
opening.

Table 2.1 shows the variance reductions of the waveform ditss@irface cluster A. The fit
quality of the full moment tensor inversion is satisfactatya variance reduction between about
65% and 75%. The aforementioned plot of focal mechanismguiréi 2.8 indicates a highly
isotropic moment tensor, which is consistent with the caapive P-motion observed at all
seismometers. The deviatoric fit is slightly worse, withiaace reductions decreasing by up to
8 %. The individual waveform fits show that the deviatoric 6ed not reproduce the amplitude
ratios of the P- to Rayleigh phase as well as does the fulrsmye. The variance reduction of
the crack+DC inversion is closer to that of the full momentsta inversion than the deviatoric
inversion. Using--test statistics we evaluate the significance of the lowaamae reductions
calculated by the deviatoric inversion considering thdiais 5 free parameters as opposed to
the full inversion scheme, which has 6. The number of untated data points needed in the
calculation of the~-test statistics is given by the low-pass filter corner (Tetgm and Dreger,
2006). An improvement of fit quality for the more complex falloment tensor model over
the deviatoric model is significant if thie-test statistics indicate at least a 95 % confidence
level. The results show that for all but one event the fit improent of the full moment tensor
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Figure 2.8: Waveform fits obtained with the full moment tanisgersion of an event belonging
to surface cluster A. The fitted time series (dashed) showd ggreement with the measured
data (solid) giving an overall variance reduction of 74 %.eTbserved isotropic first arrival
pattern is consistent with the highly isotropic moment terfplot of focal mechanism).
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Surface cluster A Surface cluster B Intermediate Cluster
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Full Inversion
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Deviatoric Inversion
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Figure 2.9: Source-type plots after Hudson et al. (1989)tlierthree types of icequakes
investigated. Stars indicate the location of the momergdesolutions in(k,7") parameter
space. For illustration purposes, only one large star ikgdldn cases where several solutions
are very close together. Rows of the panels correspond tdiffezent inversion schemes.
Columns correspond to the different icequake clusterdgsercluster A, surface cluster B and
the intermediate cluster; see Figures 2.1 and 2.3 for theations). Note the large isotropic
components determined by the full moment tensor inversidhedicequakes of surface cluster
A and the intermediate cluster (panels a and c). In thesesdhsecrack+DC inversion gave
nearly a pure crack moment tensor (panels g and i). In caserfaice cluster B, the isotropic
component given by the full moment tensor inversion is munhlker and of opposite polarity
compared to the other events (panel b). The deviatoric aacke¢DC solutions are mostly
double-couple (panels e and h).
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Figure 2.10: Waveform fits obtained with the deviatoric maftrtensor inversion of an event
belonging to surface cluster B (solid lines for data and ddsimes for synthetics). The overall
variance reduction is 77%. The fault plane solution ingiddty the plot of focal mechanism is
consistent with the radiation pattern of first P-motions.

inversion over the deviatoric inversion is not significant.

Summarizing these findings, it can be stated that the craCkriddel with a dominating ten-
sile crack component is the most likely model for the souafesurface cluster A. This is in
agreement with the compressive P-arrivals observed a@kding stations. Thie-test statis-
tics nevertheless show that for all but one event a deviatoament tensor can model the data
appropriately, too. This point will be commented furthesettion 2.5.2.

Near-Surface Double-Couple Events

Figure 2.10 shows an example of a waveform fit of a surfacde&event obtained with the
deviatoric inversion scheme. The overall variance reduacs 77%. The observed pattern of
P-arrival polarity (Figure 2.4) is consistent with the pbéfocal mechanism.

The mechanisms given by the inversions of the events beigrigisurface cluster B are shown
in panels b, e and hin Figure 2.9. The full moment tensor sol@gain contains a considerable
isotropic component. However, compared to the cluster Ayvét is weaker and of opposite
sign. With a less dominant isotropic component, the full reatensor inversion results indi-
cate that the deviatoric source is more double-couple tHAfDQpanel b). Accordingly, the

deviatoric solution places the source mechanisms clogetdduble-couple region with all but
one event containing a small amount of -CLVD (panel e). TlaelcrDC inversion recovers a
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moment tensor which is dominated by a double-couple sowrcallfevents (panel h) and pos-
sesses a small negative (closing) crack component. Honal@ring such a negative isotropic
component in the crack+DC inversion offers only an improgaimn variance reduction of 1 %
or less compared to a pure double-couple.

Table 2.1 shows that for this cluster the highest fit quabtyar the full moment tensor in-
version. This time, however, the deviatoric inversion se@emparable results as does the
crack+DC model for all but one event. Thetest statistics show that no single model fits the
data significantly better than the other two.

In the case of surface cluster B we observe that all inversabremes achieve comparable fit
quality. The differences in variance reduction are no mbaa 2% for all but one event. Both
the full and the deviatoric moment tensor inversion schamdisate a dominant double-couple
component. The inverted crack+DC moment tensor is dondriatehe double-couple compo-
nent (Figure 2.9h) and improves the variance reduction Iy D86 or less compared to a pure
double-couple. We therefore conclude that the events dceicluster B have double-couple
sources. This is consistent with the distribution of theifpesand negative polarities of first
P-arrivals observed for these events (Figure 2.4).

Intermediate Events

The source-types determined by the different inversioesas applied to the events of the in-
termediate cluster are illustrated in panels c, f and i otiFeg2.9. Similarly to the near-surface
tensile crack-type events, the full moment tensor inveisiadicate a very large isotropic com-
ponent (panel c). Unlike the other investigated clustdrs, deviatoric solutions are mostly
CLVD (panel f). The moment tensors calculated by the cradg-tiversion are all purely ten-
sile crack (panel i).

As for the other clusters, the variance reductions of thienfieiment tensor inversion are higher
than those of the other schemes (Table 2.1). The varianeetied of the deviatoric inver-
sion lies well below that of the full inversion, in one casermarly 40%. The fit quality of
the crack+DC model is very close to that of the full momenstennversion. In two cases the
crack+DC model performs slightly worse, which comparedhtoresults of the deviatoric inver-
sion appears only marginal. Thetest statistics show that for all events the deviatoriersion
fits the data significantly worse. The differences in vareareductions between the full and
the crack+DC inversions, on the other hand, are not signific&nalysis of the waveform fits
reveals the origin of the differences in variance reducffigure 2.11). Unlike the crack+DC
inversion, the deviatoric constrained solution cannot ehtite impulsive P-phase on the radial
and vertical components.

Summarizing these observations we conclude that the stypeeof the intermediate events is
a tensile crack opening. Being dominated by an isotropicpmmrent, such a source cannot be
modelled well by a deviatoric moment tensor. This is the aaghy the deviatoric inversion
scheme yields significantly lower variance reductions carag to the full and the crack+DC
solutions. The compressive first P-arrivals observed ae@imometers are a further indication
for a strong isotropic component and are thus in accordarittetiae proposed tensile crack
model.
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Figure 2.11: Waveform fits of an event belonging to the cluatantermediate depth (solid
lines for data and dashed lines for synthetics). The uppelsows the fit using the crack+DC
inversion scheme, the bottom panel using the deviatoriergign. The fit quality of the latter
is significantly lower (from 63 % to 47 %), because the impudg?-waves cannot be modelled
by this inversion scheme. Note that the bandpass filterdotres acausal precursors to the
P-arrival.
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Verification of Source discrimination

For the near-surface double-couple events (surface clB3tehe behaviour of the variance
reduction is in accordance with a double-couple, which éstitpe of source suggested by in-
formation from source-type plots and waveform charadiessAll inversion schemes perform
equally well. The reason is that a full, a deviatoric and &kt®C moment tensor all include
a double-couple component. Thus it is not surprising thainaersion schemes are able to
produce similarly high fit qualities for the case of a doubderple source.

For the cluster at an intermediate depth the variance rexfucan be used as a good discrim-
inator for the source model, which we suggest is a tensilekcopening. Compared to the
deviatoric inversion, the crack+DC model had a fit qualitgneas good as the full moment
tensor inversion. Dominated by the CLVD component, the atevic inversion, however, gave
variance reductions up to almost 40% lower than the full munbensor inversion. For ten-
sile crack-type sources, this can be understood consgittrat the dominating isotropic source
cannot be accounted for satisfactorily by a deviatoric rhotleis manifests itself in failure of
the deviatoric fit to reproduce the dominant P-phase atatilosts.

Despite these two cases, the solutions for the near-surfack-type events (surface cluster A)
gave variance reductions that seemed somewhat incortsigtbrihe evidence provided by the
source-type plots and the waveform characteristics: Algfnove expect a tensile crack source
we did not obtain a significant decrease in variance reduatioen constraining the isotropic
part of the moment tensor to be zero.

In order to further understand this issue we calculatedrgtitt seismograms for a pure ten-
sile crack opening at 5m and 100 m depth using an implementafithe reflectivity method
(Mdller, 1985, and Ungerer, 1990). Since this numericallengentation differs from the FKR-
PROG software (Saikia, 1994) used to generate Green’siBascvariance reductions of wave-
form fits of synthetic data generated with the reflectivitytihhoel may not reach 100%. The
synthetic seismograms were filtered with the same band{fptess applied to the data. The
stations were placed as if the source occurred near stadosifilar to the geometry of the
two surface clusters (Figure 2.1). We then inverted thensaggams using all three inversion
schemes.

The inversions determined source-types that are similtrdse presented in Figure 2.9. The
variance reductions for the shallow tensile crack were 8# ifiversion), 86% (deviatoric
inversion) and 89% (crack+DC inversion). The respectiteeafor the tensile crack synthetics
at 100 m depth were 91%, 66% and 91%. This is the same behdketuwas observed for the
real data: For the deviatoric fit of the tensile crack at 10Gnfit quality is much lower than
that of the full and the crack+DC one. The deviatoric fit of teasile crack source near the
surface, on the other hand, produces variance reductiaharnd smaller by only a few percent.
As in the case for the real data, the decrease in variancetreddor the deviatoric fit of the
intermediate events is mainly due to the failure to fit thehdge.

Thus we conclude that the difference in behaviour of theavene reductions for surface cluster
A and the intermediate cluster is not caused by differentae®urce mechanisms. At least for
the frequency window used in the present work, it appearg talierent to the source depth in
general: For deeper tensile cracks, no deviatoric momesbtecan be found to satisfactorily
model seismograms of a tensile crack opening, whereas&tioshevents it is possible to some
degree. This problem may not occur at other frequencies. ederythe frequency content of
signal and noise did not allow for moment tensor inversianstlaer frequency windows. It
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should be emphasized that for both the 5m as well as the 10@m sigthetic tensile crack
the stations were placed in the same geometry around thergpis. Therefore, the inversion
results of the synthetic seismograms show that the equialyati multiple models to fit the
data is not an artifact of azimuthal coverage of recordiagats.

Minson et al. (2007) were faced with a similar challenge mismating source mechanisms
for the 2000 Miyakejima volcanic earthquake swarm. Mosthef sources were around 5km
deep. Considering the scaling relation applied in the ptes®erk, this depth corresponds to
that of the surface clusters. Similar to the solutions ofstindace cluster A events, the variance
reductions of various models used to fit most Miyakejima Vi@wras showed only small differ-
ences for most events. Yet the authors argued for the craCksnbdel because it constitutes a
likely physical model for volcanic events and it allowedviard modelling seismograms using
inversion results of geodetic data. The first argument hasiderable validity in the present
work, as well: As a mechanism likely responsible for creeagsenings the tensile crack model
represents the most plausible source for seismic signalaarer ice.

We furthermore used synthetic seismograms to evaluate igmfisance of the negative
isotropic moment obtained for full and crack+DC inversiaighe surface cluster B events
(Figure 2.9b and 2.9h). A double-couple source was plac&dmatlepth with the same station
distribution that had been used for the previous calcutataf synthetic seismograms. The fault
plane orientation of the synthetic source was equal to tha@tref the crack+DC inversion of a
surface cluster B event.

The full as well as the crack+DC inversion of the shallow deutbuple synthetics both give a
negative isotropic moment. The crack+DC inversion prodismirce type parameters similar
to those shown in Figure 2.9h. The full inversion determiaesightly positive T value and a
negative k value whose magnitude is about one third of theegadjiven by the full inversions
of the surface cluster B events (Figure 2.9b). We concludettie negative isotropic moment
calculated by the full and crack+DC inversions of the swefaluster B events is not signifi-
cant because the inversions of synthetic seismograms akedouble-couple source show this
negative isotropic component, too. Furthermore, the erB€kmodel with a negative isotropic
moment provides an improvement in variance reduction of &8 or less compared to a pure
double-couple. The negative isotropic moment is likelytaromanifestation of the effect that
the free surface has on the resolution of the isotropic corapb

Interpretation of Mechanisms

Table 2.2 gives a summary of source parameters given by theemitensors of the crack+DC
inversion. Moment magnitudes were calculated using egosa®.2, 2.3 and 2.4. Recall that for
the events of surface cluster A and the intermediate cltis¢etensile crack component strongly
dominates the solution, whereas for those of surface cli&stbe double-couple component
is dominant. The rake values of the tensile crack-type evdmarefore carry little physical
significance. Those of surface cluster B are around .150e strike values reflect orientations
from South-West to North-East for all types of events. Thisansistent with the local pattern
of surface crevasses (see Figure 2.1). The dip values ramgerfear-vertical to as low as 50
Volumetric changes only occur for the tensile crack-typerses. According to Muller (2001)
the volume of a tensile crack can be calculated from theapatrmoment)/;,, of a moment
tensor via
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Table 2.2: Fault plane orientations, moment magnitudes and volumetric changes (in cm?) cal-
culated from the moment tensors given by the crack+DC inversion. Values for strike (measured
clockwise from north), dip and rake are given in degrees. Note that surface cluster A and the
intermediate cluster represent almost entirely tensile crack events, whereas surface cluster B
is double-couple. Hence, the rake is of significance only for the surface cluster B sources.
Volumetric changes were calculated via equation 2.8. Equation 2.2 was used to determine
the moment magnitude of the surface cluster B events. They are in good agreement with the
moment magnitudes determined with Equation 2.4 (numbers in parenthesis). The M, for the
remaining events was estimated using Equation 2.3.

| Event [ Mechanism| Strike | Dip | Rake| AV | M, ]

SURF_A1 crack 40 50 | -60 | 320 -1.6
SURF_A?2 crack 198 | 80 | 108 | 110 -1.9
SURF_A3 crack 202 | 78 | 105 | 400 -1.6
SURF_A4 crack 215 | 85 50 | 140 -1.8
SURF_AS crack 36 86 | -28 | 290 -1.6
SURF B 1 DC 208 | 68 | 156 | -77 | -1.7 (-1.6)
SURF_B 2 DC 208 | 73 | 152 | -100| -1.8(-1.6)
SURF_B 3 DC 200 | 70 | 156 | -26 | -2.3(-2.1)
SURF B4 DC 202 | 72 | 144 | -77 | -1.7(-1.6)
SURF B5 DC 202 | 67 | 150 | -90 | -1.8(-1.7)
INT 1 crack 31 71| -60 | 90 -2.1
INT 2 crack 35 69 | -95 | 110 -2.1
INT 3 crack 43 67 | -130 | 100 -2.1
AV = Miso(/\ + 2:“/3)7 (28)

where)\ andy are the Lamé parameters. The changes of the tensile craokgalalculated via
Equation 2.8 are on the order of 1680° (Table 2.2). The sources of surface cluster A tend to
undergo a larger volumetric change than the intermediastevHowever, these differences in
source parameters between shallow and deep events magtgtdetally be caused by effects
of the free surface as discussed for the explosion invessibime shear faulting of surface cluster
B sources produces a negative volumetric change. Theitwibs@lues are smaller than in the
case of the surface cluster A events. As discussed in Sezoh these volumetric changes are
likely numerical artifacts of the inversion and do not hayehgsical meaning. The calculated
moment magnitudes of all events lie within the range fror8 t@.-1.5. For the events of surface
cluster B the moment magnitudes are verified by Equation 2.4.

2.6 Discussion

Icequakes originating from near the glacier surface haee lssociated with crevasse openings
since the work by Neave and Savage (1970) on the AthabasceéeGila Alaska. We inverted

a set of events with tensile crack-type mechanisms, whicbnsistent with the findings of the
Athabasca study. Although we have only located less thamaepeof the icequakes recorded
in 2004 and 2006, the results of the waveform discriminatal @ur experience from looking
at thousands of seismograms show that the tensile craekstyfface events (surface cluster A)
are representative for well over 99 % of the data set.
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We also determined the source mechanisms of two differequiagke types, which, according
to their frequency of occurrence, can be considered someatipical. The first set is also
composed of surface events, but it differs from the typicavassing events in that the sources
are double-couple rather than tensile crack-like. Asidenfthe implication that they are due
to shear failure rather than tensile failure, the eventsmat@ssociated with volumetric change.
Table 2.2 shows that the shear fault planes of the surfadelel@ouple events (surface cluster
B) are very similar to the tensile fault planes of surfacesilercrack-type events (surface cluster
A). It has to be stressed that in this study we only concesgdrah a few events out of the many
thousands that have been detected each day. However, ieigsting to note that the shear-
type events occur at the onset of the drainage of Gornersegobservation suggests that shear
failure is a response to the lake drainage, which is knowrat@ lthe potential to significantly
alter the glacier’s flow direction (Sugiyama et al., 2007g$&n, 2007). In order to support this
conjecture, a procedure to search the entire data set hasevieloped.

The members of the intermediate cluster form another examplcequakes that cannot be
attributed to the opening of surface crevasses. At thesisldpis reasonable to assume that in
the absence of water that reduces the effective stresgatm/erburden pressure inhibits tensile
fracturing (Van der Veen, 1998b). The tensile crack-typgs® mechanisms of the intermediate
events therefore suggest that icequakes at these depthaatesl to hydrofracturing. This is
consistent with observations of englacial fracturing medé&le boreholes. Figure 2.12 shows
an example of an englacial fracture intersecting a boretrdled about 1200 m down-glacier of
the seismic networks in 2005. Such fractures have also bessrved in other studies (Harper
and Humphrey, 1995; Meierbachtol et al., 2006; and Fourgaial., 2005) and may have a
significant influence on water flow inside temperate glaciers

Limitations of Inversion Schemes

The most serious limitation of applying the Dreger (2003prajpch is probably the one-

dimensional velocity model. This does not allow us to actdantopographic details of the

glacier. Although these are only on the order a few percemhos$t of the source-receiver
distances, the fit quality of the inversion is expected téesuThe modelled travel times, for ex-

ample, introduce small uncertainties, since the seisratsis do not lie exactly in a horizontal

plane, as assumed by the applied velocity model. Of evertggreancern is the topography
of the glacier bed, which beneath the seismic arrays of 20@42806 has an inclination of

30° or more (Figure 2.3). Therefore, the ice-bedrock interfemenot be described in a one-
dimensional velocity model. For this reason, the presertystocuses only on the icequakes
that occur at a distance from the glacier bed where bed neffesctan be neglected.

Lateral inhomogeneities, such as crevasses, may have dteoean the waveforms that the

bandpass filter cannot eliminate. Crevasses furthermaorease the waveform attenuation of
the glacier ice near the surface. Since the surface fractoside the study site tend to align
(Figure 2.1), this can constitute an effective anisotropyvaveform attenuation as well as

seismic velocities (Gischig 2007). As a consequence, sewaves travelling perpendicular to

the surface crevasses are slower and decay faster thatpgtopsegating parallel to the surface
crevasses.

Moment tensor inversions of seismic sources near freesfare subject to numerical limi-
tations independent of the numerical scheme used. If theegs@re located at shallow depths
with respect to the wavelength used in the inversion, theapa part of the moment tensor
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Figure 2.12: Picture taken inside a borehole at a depth ofit@about 1200 m down-glacier
from the center of the seismic networks in 2004 and 2006. Taey is over 300 meters deep
at this location. The picture shows clearly the intersectd the borehole with a crack (the
two arrows at the side of the picture are along the strike efctack), whose walls are on the
order of a few centimeters apart. Openings of such cracksheaccompanied by the kind of
intermediate depth icequakes studied in the present work.
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cannot be fully recovered (Dufumier and Rivera, 1997; Judigal., 1998). In the present study
this likely introduced errors in isotropic moments suchra$ieal negative volumetric changes
for the double-couple sources of surface cluster B.

2.7 Conclusion

Using a simple scaling relationship and 1D Green’s Funstion a homogeneous half space,
we have successfully applied full as well as constrained erdrtensor inversions schemes to
seismograms from glacial icequakes recorded in dense égmgeismic networks on Gorner-
gletscher, an alpine glacier in Switzerland. By interprgtthe resultant moment tensors in
terms of plausible physical models and scrutinizing the didlgies of the inversions we ar-
rived at the following central results: The sources for tastwmajority of the several thousand
icequakes measured each day are tensile crack openingthreglacier surface. Fault plane
orientations indicate that these seismic events are adsdcivith surface crevasses opening.
The volumetric changes associated with these sources akndated to be between 106:3
and 40Q-m3. Shear-type events near the glacier surface do occur,ugjththey occur much
less frequently than tensile crack openings. The momenninatgs of these events are be-
tween -2.0 and -1.5. The existence of shear-type eventsatedi that icequakes near the glacier
surface are not only produced by crevasse openings, asstaddey previous studies (Neave
and Savage, 1970; Deichmann et al., 2000). Tensile crgmk-g$gismic events also occur at
intermediate depths within the glacier. Volumetric changkthese sources are aboutcrid’.

At intermediate depths, the hydrostatic pressure insideat induced by the ice-overburden
pressure is expected to be high enough to inhibit tensitdurang. We therefore suggest that
the intermediate events are related to the presence of tatiereduces the effective stress to
allow for tensile faulting.

In order to identify these distinct source-types it is neeeg to evaluate information from fit
gualities, source-type plots and waveform charactesistispecially for the near-surface events
it is insufficient to consider solely the variance reductadnthe waveform fits, since at the
employed frequency range all three inversion schemesyfubnstrained, deviatoric only and
crack+DC) can be expected to, and do achieve a satisfactawgform fit of a tensile crack
source. This underlines the difficulties inherent to sowliserimination and the need to care-
fully consider which solution is physically most plausible the context of source discrimi-
nation it should be noted that source-type plots of full motriensor inversion results clearly
separate double-couple events from tensile crack-typetgvbecause the latter have a large
isotropic component (Figure 2.9a-c). This is in good agresiwith the findings of Ford et al.
(Identifying isotropic events using a regional moment gemsversion, submitted to thiournal

of Geophysical ResearcRB008).

In general, it can be stated that the available data set vgddyhsuitable for moment tensor
inversions. The dense seismometer arrays provided a waditgh-quality data. Furthermore,
the high homogeneity of alpine glacier ice allows for theleagion of a simple velocity model
to generate Green’s Functions. The procedure applied sstioidy can be very helpful in
other studies of superficial or englacial fracturing preddhe recording array is of sufficient
guality and density to record 'broadband’ icequakes andrately locate events. O’'Neel and
Pfeffer (2007) find that fracture processes inside tidesgli@ciers may significantly weaken
ice prior to glacier calving. Calculations of tensile crambening volumes such as presented
here will help understand the conditions under which a oghévent will eventually occur. In
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Greenland, melt-water lakes can drain catastrophicafiyuidjh fractures, thus increasing the
englacial seismic activity (Das et al.,2007). Accurateatamns and source parameters may
elucidate how the seismic activity is related to the wateispge.

As previously mentioned, we have observed a small but sggmfinumber of basal icequakes
with high confidence. In this paper, we have not presentedrammgent tensors for these events.
In the case of Gornergletscher, the geometry of the gla@dr(bluss et al., 2007; Figure 2.1)

requires that Green’s Functions for a two or three dimeraiseismic velocity model have to

be calculated. Despite this complication, the study of biaeguakes is highly valuable to a

variety of glaciological aspects. These seismic signaidearelated to stick-slip motion (Roux

et al., 2008; Weaver and Malone, 1979; Wiens et al., 2008)fdture across basal ice layers
during the breaking off of hanging glaciers (Faillettaz let 2008) or changes in basal sliding
due to changes in basal water pressures (Walter et al., 20083 icequakes occurring near the
glacier bed should be a focus of future efforts of sourcerpatar calculations.
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ABSTRACT: Using 3D Green’s Functions we determine full and constraied moment
tensor solutions of icequakes near the base of Gornergletser, Switzerland. The seis-
mic events were recorded in the summer 2004 using a high-detsseismometer array.
The seismic velocity model used in the generation of GreenBunctions is based on
radio-echo soundings to approximate the basal topographywhich beneath the study
site exhibits a strong inclination. As the basal conditionsre not well known, we try
moment tensor inversions with seismic velocity profiles caisting of two and three
media. The former case consists of homogeneous ice resting lmedrock, whereas the
latter case includes a thin basal layer with slow seismic vetities representing eroded
material or highly fractured ice. Effects of errors in Green’s Functions are estimated
by sensitivity studies in which we invert 1D and 3D synthetis using Green’s Functions
of wrong velocity models. The results show that calculatios of source types and fault
plane orientations of tensile cracks are rather robust withrespect to errors in Green'’s
Functions. However, the quality of the waveform fits depend®n strike and dip of
the synthetic source. When inverting seismograms, GreenBunctions of the seismic
model that includes the basal slow velocity layer are foundd give the most realistic
source types as well as the best waveform fits. The fault mechiams derived from con-
strained moment tensor inversions are near-horizontal tesile cracks, which suggests
a complex time-dependent basal stress field.

3.1 Introduction

Seismic radiation from large bodies of ice has recently liberfocus of various glaciological
and seismological investigations. The seismic signalgedrom ’glacial earthquakes’ (Ek-
strom et al. 2003; Wiens et al. 2008), which can be detecteglaral seismic networks, to
'icequakes’, which are only detectable with instrument®om the immediate vicinity of the
glacial body. Icequakes have been shown to accompany seeegenings (e. g. Neave and
Savage, 1970; Walter et al., 2009) and can be precursorac¢eegtalving (O’Neel et al., 2007;
O’Neel and Pfeffer, 2007) and the breaking-off of hangiracgrs (Faillettaz et al., 2008).

Icequakes occurring near the glacier bed have been studibe icontext of stick-slip motion
(Roux et al., 2008; Weaver and Malone, 1979; AnandakristamahAlley, 1994) or subglacial
hydrology (Walter et al., 2008). Such basal events are diquaar interest, because they can
provide information about a glacier’s basal dynamics artbipgy as well as the nature of the
ice-bedrock interface. As the glacier bed is difficult toegxwith many other glaciological and
geophysical methods, seismic measurements are a valledsleative.

Hydrological processes are particularly important for penate alpine glaciers, as large
amounts of meltwater flow through and under the glacier amdsognificantly influence ice
dynamics. Metaxian et al. (2003) showed that englacial mftaer causes seismicity on Co-
topaxi, a glaciated volcano in South America. The authorsicered frequency contents of
seismic signals to show that their sources are likely duesomances of water-filled ice cavi-
ties. Walter et al. (2008) compared the activity of basaljimkes to subglacial water pressures
and glacier surface motion and concluded that during logsgure episodes basal ice layers
deform so rapidly that fracturing is induced.
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Figure 3.1: Schematic overview of possible fracture preessn glacier ice. Light blue in-
dicates glacier ice and dark blue liquid water. At the bedewanhances glacier sliding. (A)
Near the glacier surface both tensile as well as shear fragtis possible (Walter et al., 2009).
(B) Englacial tensile fracturing is related to the preseoiceater lenses. Near the glacier bed,
stick-slip motion may cause tensile failure either at theebedrock interface (C) or within the
basal ice layer (D). Tensile failure near the glacier basg reault from spatial variations in
sliding (E) or it may occur above rapidly closing water-filleavities (G). Furthermore, tensile
collapses (F) may occur in zones of compression.
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Figure 3.1 gives a schematic overview of possible fractoveces at different depths of a glacial
body. A central yet open question concerns the mechanisivessafl icequakes. Are these seis-
mic events a consequence of tensile or shear failure? Uslhgdveform inversions Walter et
al. (2009) calculated moment tensors of icequakes neautifece and at intermediate depths.
The results show that near the surface, tensile failuregdgminant, however shear failure is
also possible. At intermediate depths, icequakes are disnsile failure suggesting the pres-
ence of water lenses, which reduce the effective pressurervglacier ice. Near the glacier
base, several possibilities for fractures that emit seismergy exist. For example, stick-slip
motion may cause shear failure across the glacier bed oinita basal ice layer. Furthermore,
unevenly distributed basal water may cause spatial vanain basal sliding. As a consequence,
zones of longitudinal stretching or compression can uratgsile fracturing or collapsing, re-
spectively. Another possibility is the temporal evolutmirwater-filled cavities near the glacier
bed. Iken (1981) showed that when the water pressure insicle & cavity drops, basal ice
quickly flows into the cavities to close them. The ice abovehsa cavity may then deform
rapidly enough to fracture.

In this study we perform full waveform inversions to detemmifull and constrained moment
tensors of icequakes that occur near the glacier base. Ws tota cluster whose events have
particularly clean signals. The proximity of the seismicm®s to the glacier bed makes the
generation of 3D Green’s Functions necessary. In ordertimate the effect of errors in the
glacier bed topography on the moment tensor inversion, se@drformed sensitivity studies.

3.2 Study Site

Located in Canton Valais near the Italian border, Gornésgleer is Switzerland’s second largest
glacier (Figure 3.2a). Although parts of Gornergletsclwrsist of cold ice, which is advected
from high-altitude accumulation areas to the glacier t@n(fisen et al., 2008), most of the
glacier is temperate. Gornergletscher has been in the fifa@sent monitoring and numerical
ice-flow modelling efforts mainly because of the drainag@amice-marginal lake, Gornersee,
located at the confluence area of the two main tributary gfadgiFigure 3.2b). With the advent
of the melt season, this glacier-dammed lake fills everyngpover the course of several months
and drains catastrophically in the subsequent summen witgin days (e. g. Huss et al., 2007).

The lake drainage has a severe impact on the ice dynamios glgtier tongue (Sugiyamaetal.,
2007). As a consequence, the glacier’s seismic activity igacts to the lake drainage (Walter
et al., 2008; Aschwanden, 1992). We have has deployed cgmpaismic arrays consisting of
up to 24 seismometers during four lake drainages. Figutesh@ws the 2004 seismic network
consisting of 13 surface seismometers and one borehola@eister installed in a borehole at
a depth of 100 m. For a detailed description of instrumeniieéind data processing the reader
is referred to Walter et al. (2008).

Whereas the surface of the tongue of Gornergletscher isyneaizontal, the bed is strongly
inclined, particularly beneath the study site (Figure 322l d). The basal topography was
derived from radio-echo soundings as described in Sugiyetrah (2008). Uncertainties were
estimated to be 10 % of the ice thickness. Although a wealtladib-echo soundings exists in
the region of the seismic array, the epicentral area of tisalbeequake cluster of the present
study was not covered by measurements (Figure 3.2d). Toa&stihe bed topography in areas
where no radio-echo soundings are available, Sugiyama e2808) interpolated measure-
ments using the method of Akima (1978). In order to introdsmene smoothing and to avoid
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Figure 3.2: Overview of the study site. Location of Gornetgither in Switzerland’s Canton
Valais (panel a). The tongue of Gornergletscher is showraimepb. The dashed and solid
contour lines approximate the glacier bed and surface taypby, respectively. The 2004 seis-
mic network was installed in the boxed region near GornerBa@el c shows an orthographic
photo of this part of the glacier, taken after the lake drgénen 2007. Green triangles indicate
seismometer locations. A 100 m deep borehole seismometemstalled beneath station A6
(dotted triangle). Epicentral locations and their undaties are indicated by the red crossbars.
Panel d shows the locations of radio-echo soundings (sm@dkes) used to derive the basal
topography at the study site (solid lines show the contaasliof the bed topography).
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unrealistic topographical details of the glacier bed nbarliasal cluster, three fix points were
manually added.

As the glacier bed is difficult to access, the material progeiof the ice-bedrock interface are
often subject to large uncertainties. It is therefore oftanlear if the glacier rests directly on
bedrock or if ice and bedrock are separated by a sediment |&@ instance, seismic and
geoelectric measurements have shown the presence of ayéll beneath parts of Unteraar-
gletscher, which is located in the Bernese Alps (Knecht uinssBunk, 1952; Funk and Roth-
lisberger, 1989). Near the study site of the present wonkigver, many rock surfaces that have
been exposed in the course of glacial retreat show no preséiarge till layers. Furthermore,
the high inclination of the bed beneath the study area sugdfest basal sediments are likely
to be washed away by subglacial water flow. Yet we cannot eecthe possibility that some
eroded material is present - at least locally - near the gdmase. In the present work we will
therefore take into consideration the presence of uncmtaet material near the glacier bed
by including in our model a basal layer with a slow seismioedl.

3.3 Basal Icequakes

We have identified and located about 500 basal icequakestfresummer field campaigns of
2004, 2006 and 2007. In all years it was found that basal mleegiusually occur in clusters,
which are active during low or decreasing water pressuresndition that is usually met at
night or during the early morning hours. This correspondpdnods of glacier surface low-
ering. These observations suggest that after enhanceagségisodes, coupling of the glacier
to its bed deforms the basal ice layer enough to fractureetail® of these findings as well as
information about location and waveform discriminatiogalithms can be found in Walter et
al. (2008).

Basal icequakes appear to be more abundant than icequat@siog at intermediate depths
(Deichmann et al. 2000; Walter et al., 2009). This also sstgga relation to motion and
deformation of basal ice layers. In the present work we asstimat basal icequakes occur
within the ice and not within the underlying glacier bed. @docation results based on a
seismic velocity model which ignores the bed, and similgnai strength of intermediate and
basal icequakes support this hypothesis.

We have observed substantial differences in the wavefofrnagsal icequakes, which suggests
a variety of possible source mechanisms. A common featutteeis high frequency content,
contrary to surface icequakes, which are usually dominayddw-frequency Rayleigh waves
(Walter et al., 2009). Waveform modelling of basal icequatteis depends on the success to
simulate the direct P- and S-waves as well as their basattiefts. The majority of basal ice-
quakes shows compressive first motions at all recordinguthisnindicating a highly isotropic
tensile crack mechanism.

We focus on a basal cluster recorded in 2004. The eventechist depth of about 154 m, close
to the glacier bed. A seismogram of an icequake belongingisoctuster is shown in Figure
3.3. This seismogram shows features typical for this ctudteFirst arrivals are compressional
at all recording azimuths. 2. The signals are rather simpiesisting mainly of the P- and S-
phase. 3. There are two small phases that are common to nevds@f this cluster: The black
arrow marks a phase between the P- and S-wave, which candxmainly on stations A1, A2
and A3. The origin of this phase is not clear. The white arnoglidates a small phase after the
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Figure 3.3: Ground displacement seismograms of a basal énagroccurred on June 16, 2004,
at 05:58:12. For clarity, the signals were filtered betwe@r2 and 120 Hz. Note the relatively
simple waveforms consisting mainly of P- and S-phases. Tiweva indicate two secondary
phases that are typical for the events of this cluster. Tdrégin is not known.
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Figure 3.4: Ground displacement seismograms of a basat es@rded in 2006. For clarity,

the signals were filtered between 20Hz and 120 Hz. The wawesfatrongly differ from the
ones shown in Figure 3.3, because they exhibit relatively koda.
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P-wave that can be noticed on nearly all stations. We haveddse hypothesis that this phase
is the basal reflection via 1D waveform modelling. The laguaetn this phase and the direct P-
wave is consistent with a reflection off the glacier bed i§iseparated from the source by about
22 m. However, in this case, synthetic waveforms also shawge|S-reflection, which cannot
be seen in the data. This indicates that the small phased#terP-wave is not a reflection, but
has a different origin. We thus conclude that the sourceoisecenough to the glacier bed that
reflections are part of the direct arrivals. Through wavefanodelling we found that this is the
case if the source is separated by about 10 m or less fromabkegbed.

These basal cluster events share waveform charactengiticsmany other basal icequakes
recorded during the 2004, 2006 and 2007 field campaigns. wEwehey also distinguish
themselves from a number of other basal events. Figure 8wisshn example of a seismogram
of a different type of basal icequake. This event was reaide2006 by a seismic network
similar to the 2004 network. Apart from the impulsive firstieals, these waveforms do not
resemble the ones shown in Figure 3.3. They possess a lolagwbich makes it difficult to
identify S-wave arrivals. The coda may be caused by reflestitrapped waves or water res-
onances near the source. As source modelling of such an isvexttemely difficult and may
not be possible with moment tensor representations, wesfth®icurrent study on events with
simple waveforms as shown in Figure 3.3.
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3.4 Inversion Scheme

3.4.1 Formulation of Inverse Problem

The elastic response at timand locatiorx relative to a seismic source represented by a seismic
moment tensor is (Aki and Richards, 2002)

Un (X, 1) = Mpq(t) * Gpp o(x,1). (3.2)

In this equation subscripts correspond to the three Cartesimponents and a subscript af-
ter a comma is a derivative with respect to the correspondimgponent.u,(x,t) is the n
component of ground displacement aihf,, is the 3-by-3 seismic moment tensar.,, (x, t)
represents the'™ component of the ground displacement at locaticend timet in response
to a force impulse in directiop. The symbok indicates a time convolution. Assuming that the
time dependence af/,,(¢) can be written as a product of a constant tenggy and a source
time functions(t), we can replace the convolution by a product and replacesthe®,,, ,(x, t)

by its convolution withs(t), labelled ag7,,,, ,(x, t). Mapping the index pair§, ¢) into a single
indexi running from 1 to 9 gives the following expression:

Un (X, 1) = Gri(x, 1) X M; (3.2)

As the seismic moment tensor is symmetric, oMy, M, ..., Mg are unique. The terms
GLi(x,t) represent the elastic response to vector dipoles (singgengemoment tensor ele-
ments), and we will henceforth refer to them as 'Green’s ons’. Equation 3.2 poses a linear
inverse problem, which we invert fav/; in two ways: First, using least squares, which gives
the unconstrained moment tensor and, second, using a gnidhsever tensile crack moment
tensors. We call the two schemes full and tensile crack moteesor inversion, respectively.
The full moment tensor inversion is unconstrained and hadegyrees of freedom, correspond-
ing to the six vector dipoles. The tensile crack moment tems@rsion has three degrees of
freedom, corresponding to the strike and dip of the fauli@taand the moment equivalent. The
latter technique corresponds to the tensile crack + docdlgle grid search employed by Min-
son et al. (2007) and Walter et al. (2009) with a vanishingbtxeouple component. When
constraining the moment tensor to represent a tensile @peking we assume a Poisson’s
ratio of 0.36. This is the same value used by Walter et al. 288 invert the seismograms
of near-surface and intermediate-depth event. A diffectioice for the Poisson’s ratio alters
the relative strength of the isotropic and CLVD componewtsich decompose a tensile crack
moment tensor (Walter et al., 2009).

3.4.2 3D Moment Tensor Inversion

The inversion scheme given in Equation 3.2 differs from thenulation outlined in Jost and
Herrmann (1989), which uses fundamental faults rather Heator dipoles as Green’s Func-
tions. Their method has been used in deviatoric moment tengersions (Dreger, 2003).
For full moment tensor inversions, a recently correcteanfaf the equations given in Jost
and Herrmann (1989) has been successfully applied to eeaitleg with a substantial isotropic
component (Minson and Dreger, 2008; Minson et al., 2007).
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Table 3.1: Specifications of seismic velocity models used in the present study. In the GRAN-
ITE3SD and TILL3D models the topography of the glacier bed was derived from radio-echo
soundings. The source was placed at 156 m depth. Layer interfaces with a 3D topography are
marked with a *. In this case, the given layer thickness corresponds to the epicentral location.

Model Thickness| v, Vs p
Name m m/s | m/s | kg/m?
HOMOG 00 3630| 1790| 917
GRANITE1D
Layer 1 162 3630| 1790 | 917
Layer 2 00 5000 | 2550| 2750
GRANITE3D
Layer 1 162* 3630| 1790 | 917
Layer 2 00 5000 | 2550 | 2750
TILL3D
Layer 1 160* 3630| 1790 | 917
Layer 2 4* 2500| 1200| 1500
Layer 3 00 5000 | 2700| 2750

The advantage of fundamental faults is that only one set ®f8tlsynthetic time series has
to be generated for a given source-receiver distance. Aidisaperposition of fundamental
faults can then be used to obtain the elastic response to ament tensor source at any given
azimuth. The benefit of this azimuthal independence is fdbeiseismic velocity model is not
azimuthally symmetric. This is the case for the presentyssitd, where the glacier bed exhibits
a 3D topography. For such 3D velocity models, fundamentat f@reen’s Functions would
have to be generated at each recording station. For thenpresely, we use vector dipoles
instead of fundamental faults. This corresponds to therémere scheme of Equation 3.2. The
3D structure of the velocity model requires the calculabbd8 time series (three components
for each of the six vector dipoles) at all recording statiocations. It should be mentioned
that reciprocity can reduce the computational expendittiren generating 3D synthetics for
sources and receivers distributed over larger regionseosésmic velocity model. However,
in the present case we focused on only a few source hyposeartdrone seismic array, and we
therefore did not employ reciprocity in the generation oé&r’s Functions.

The 3D synthetics were generated using the finite differeocke fd3d (Olsen, 1994). The
velocity model was discretized in a 264x192x220 grid, anti@edges an absorbing boundary
condition was applied over a thickness of 20 grid points.llidigections the distance between
gridpoints was 2 m. The glacier surface was assumed flat,samgetion which in Walter et al.
(2009) gave good results for moment tensor inversions gliakes at shallow and intermediate
depths. As a source-time function we used a Miller-BrusiledEon (Bristle and Muller, 1983)
with a duration of 0.02 seconds. Measured seismograms agehGrFunction synthetics were
filtered between 20 Hz and 70 Hz.

We focused on Green’s Functions for four types of seismiaargl models, which are specified
in Table 3.1. Model GRANITE3D consists of homogeneous ictimg on bedrock, whose
topography was derived from the radio-echo soundings testipreviously in Section 3.2.
The same bed topography was used to generate the model TIIH®@Rever, for this model we
placed an intermediate low-velocity layer between the reélzedrock. Model GRANITELD is

similar to model GRANITE3D, except that the interface is atantal plane. Model HOMOG

is a homogeneous half space of ice. These four models repriese degrees of complexity.
The homogeneous half space is the simplest seismic velo@tel of a glacier consisting of
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homogeneous ice and a free surface, only. TILL3D is the mostptex model considered,
because it includes the bed’s 3D topography and some migteoigerties of the ice-bedrock
interface. In this sense, the GRANITEL1D and GRANITE3D medek cases of intermediate
complexity. The former introduces a glacier bed, to whiahltditer adds a 3D topography.

Error bars of hypocentral locations of the basal icequakes-al0 m (Walter et al, 2008). For
the bed elevation, the uncertainties can be as high as 10 ¢xeoté¢ thickness (Sugiyama et
al. 2008). At the epicentral location of the basal icequdkster the radio-echo soundings
determined a glacier thickness of 175m. In order to satiséydondition that between 20 Hz
and 70 Hz the basal reflections are part of the direct arfivedsplaced the bed 6 m beneath
the source. This was done by adding an offset of 13 m to theeglded, which lies within
uncertainties.

We note that those velocity models accounting for the gtdied (GRANITEL1D, GRANITE3D
AND TILL3D) drastically simplify the ice-bedrock interfac The presence of pervasive eroded
material, basal crevassing, highly damaged ice or pocKeisaumulated melt water can sig-
nificantly complicate the wave field. Introducing a slow s@isvelocity layer in the TILL3D
model is a rather rough approximation to the complicatedaigt structure which may be
present if the glacier does not rest on bedrock directlynfy4iD waveform modelling we no-
ticed that if present, a slow velocity layer has to be thi# (n). At the frequency band of
interest, this intermediate layer otherwise leads to stith that no longer have the relatively
simple waveforms consisting of only P- and S-phases.

3.5 Sensitivity to Velocity Model

As previously described the waveforms shown in Figure 3dysst that the source is close
enough to the glacier bed that the basal reflections amgidydirect P- and S-waves. As the
GRANITE3D and TILL3D models contain merely an approximatio the true basal topog-
raphy and the ice-bedrock interface, the Green’s Funcaigilated with these models may
not accurately reproduce the observed basal reflectiorexeldre, we need to investigate how
sensitive the moment tensor inversion is to errors in thee®seFunctions, which arise from
inaccuracies of the modelled reflections and errors in thecitg profile in general.

We investigate how well the signals of a seismic source dlo#iee ice-bedrock interface can be
inverted using Green’s Functions of a wrong velocity mo&ginthetic seismograms are calcu-
lated for a source placed 6 m above the glacier bed in the GREND and the GRANITE3D
model and 4 m above the 4 m thick low velocity layer in the TIDL&odel. The GRAN-
ITELD synthetics are inverted using Green’'s Functions adeg with the HOMOG model.
The GRANITE3D synthetics are inverted with HOMOG and GRARID Green'’s Functions.
Finally, we invert the TILL3D synthetics with GRANITE3D Cea’s Functions. In all cases,
we use the same source-station geometry as for the basirclus

The sensitivity tests were performed for two end-markee$ypf sources: a tensile crack and
a pure double-couple fracture. We varied the strike and tiipeofault planes in increments of
10°. For the double-couple source the rake was fixed tt 9e inversions in the sensitivity
tests were performed automatically and the waveforms fite wet visually inspected for each
inversion run. The overall variance reduction was caledaitsing the median of the variance
reductions of the individual stations. This is unconvemailp as usually the arithmetic mean is
used. However, the arithmetic mean is more susceptiblettee®) such as individual stations
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with extremely low fit quality. As we did not manually or autatitally remove such stations in
the sensitivity studies, we calculated the overall vararezluction with the median to reduce
the impact that a single station has on the overall variardeation. When inverting data
seismograms, however, we conformed to the convention afjuke arithmetic mean.
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Figure 3.5 (previous page): Results of sensitivity studiethe full moment tensor inversion:
Source-type plots of inversion results of tensile crack dodble-couple synthetics (left) and
variance reductions for the tensile crack synthetics {yigA and B: Synthetic sources in the
GRANITE1D model inverted with HOMOG Green’s Functions. Qldd: Synthetic sources
in the GRANITE3D model inverted with GRANITE1D Green’s Ftioos. E and F: Synthetic
sources in the GRANITE3D model inverted with HOMOG Greenmétions. G and H: Syn-
thetic sources in the TILL3D model inverted with GRANITE3D&@n’s Functions. In the
source-type plots each dot is color-coded according to déni@wce reduction of the solution it
represents. In all cases, the solutions separate into twolg@ions corresponding to the inver-
sions of tensile crack and double-couple synthetics. Astmee time, large deviations from the
true source type exist for some fault plane orientation® fitrquality depends on the orienta-
tion of the tensile crack fault planes. In case of the symnthiensile crack in the GRANITE3D
model, the highest fit quality is achieved for a strike andwdifue similar to the orientation of
the glacier bed near the source, as indicated by the blask b@rs. Notice that using HOMOG
Green’s Functions provides variance reductions of up to 9%¢#n inverting GRANITE1D and
GRANITE3D synthetic tensile cracks. In the latter case,HIMOG Green’s Functions can
even perform better than the GRANITELD Green’s Functiotlibpagh large deviations from
the correct source-type occur. For all fault plane mecmasi$SRANITE3D Green’s Functions
can invert TILL3D synthetics with high fit qualities (Pan€sand H). The variance reductions
lie between 90% and 96.5%. The large cross hairs in panel esywnd to the inversion of
the tensile crack source with bed-parallel fault planes.
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Figure 3.5A, C, E and G show the source-type plots (Hudsor.,e1@89) of the sensitivity
studies. Each dot corresponds to a fault with a differertestind dip. For all cases we notice
that the inversion results separate into two populatiomsghvare located in distinct regions of
the grid according to whether the synthetic source is alensack or a double-couple. This
indicates that the inversion results correctly distinglstween a tensile crack and a double-
couple source, even though the Green’s Functions modell tekartions incorrectly or not at
all.

In most cases, the fit quality of the synthetic tensile cragqsends on the strike and dip (Figure
3.5B, D, and F) of the fault planes. In the case of the GRANIDEYnthetic tensile cracks in-
verted with HOMOG Green'’s Functions (Figure 3.5B) there ssrang dependence on dip, and
best results are achieved for near-horizontal fault plavi@sance reductions lie between 41 %
and 94 %. There is a weaker dependence on the strike. Thindepee is due to the station
distribution as this is the only source of azimuthal vaadatior the generation of GRANITE1D
synthetics.

Inverting GRANITES3D tensile crack synthetics with GRANITE Green’s Functions (Figure
3.5D) gives variance reductions between 61% and 90%. Soatesunprisingly, Figure 3.5F
shows that inverting GRANITE3D tensile crack syntheticékmHOMOG Green’s Functions
can give slightly better results than inversions with GRAELD Green’s Functions. How-
ever, this depends on the fault plane orientation of theileengack. Figure 3.5F shows that
best results can be achieved for near-horizontal faultggdavith strikes running approximately
North-South. This coincides with the orientation of the loéthe GRANITE3D model in the
vicinity of the synthetic source (black cross hairs in Feg8r5D, F and H). A reason why HO-
MOG Green’s Functions perform better at specific fault planentations than GRANITE1D
Green’s Functions may be found in small later arrivals, aschultiples or head waves. These
are missing in the HOMOG synthetics whereas they are prés¢éhé GRANITELD synthet-
ics. However, in the latter case, the secondary arrivalsimaag phases and amplitudes, which
are different from the secondary arrivals in the GRANITE3Dthetics. Modelling secondary
arrivals incorrectly with GRANITEL1D Green’s Function madws have a more negative effect
on the variance reduction than not modelling them at allnake case of the HOMOG Green'’s
Functions.

The sensitivity tests thus show that Green’s Functions afradgeneous half space can model
waveforms whose direct P- and S-wave trains were modifiedfibgations of an adjacent glacier
bed. This holds for an inclined bed as in the GRANITE3D modehell as for a horizontal
one as in the GRANITE1D model.

When using GRANITE3D Green'’s Functions to invert tensilecgrsynthetics of the TILL3D
model, the variance reduction is higlt 00 %) for all fault plane orientations (Figure 3.5H).
This suggests that omitting the thin basal low-velocityelaiy the generation of Green’s Func-
tions affects the inversion quality only marginally. Howevthe results for the double-couple
can acquire a substantial CLVD component (Figure 3.5G).tRertensile crack with bed-
parallel fault planes, the omission of the low-velocitydayeads to an artificial increase in
isotropy, as indicated by the large cross in Figure 3.5G.

So far we have performed sensitivity tests for the full motrtensor inversion, only. Con-
cerning the tensile crack moment tensor inversion, we ngwttew accurately the fault plane
orientations of a synthetic basal tensile crack can be ereovwith Green’s Functions of an
incorrect medium. We focus on three cases: TILL3D syntkdtigerted with GRANITE1D

Green’s Functions, GRANITE3D synthetics inverted with GRAE1D Greens Functions and
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Figure 3.6: Results of sensitivity studies of the tensilckrmoment tensor inversion. Shown
is the angle that the inverted tensile crack fault planesawath the fault plane orientation cal-

culated with the tensile crack moment tensor inversioneNlo&t this angle is never larger than
32°. Forthe TILL3D synthetics inverted with GRANITE3D Greefsnctions the results agree
to within 12 % for all fault plane orientations. Disagreermesually occors at near-vertical fault
plane orientations, whereas near-horizontal fault plarentations give good agreement. This
resembles the performance of the full moment tensor inve@$ shown in Figure 3.5.

TILL3D synthetics inverted with GRANITE3D Green’s Funat® As before we vary the ori-
entation of the fault planes. This time, however, we useehsite crack moment tensor inver-
sion. Saving computational time, we search strike and diparements of 10 and we search
over 20 different moment magnitudes. We then calculate tiggecbetween the tensile crack
fault planes of the forward synthetics and the tensile cfack planes as determined by the
inversion.

Figure 3.6 shows the results of these sensitivity studiemadst cases the fit results agree with
the initial fault plane orientations to within 20 In the case of the TILL3D synthetics inverted
with GRANITE3D synthetics the mismatch is 1@r smaller for all fault plane orientations
(panel C). Only for the GRANITE3D sources inverted with GRAR1D (panel B) there is a
mismatch of up to 32. The individual fit results show that in this case the recegdault plane
orientations are still vertical. Yet there can be a considler mismatch, because the fitted fault
planes dip in the opposite direction as fault planes of tinedod synthetics. For this inversion
as well as the TILL3D synthetics inverted with GRANITE1D @&nés Functions (panel A) the
largest mismatches occur predominantly for near-vertaalt planes with strikes above 110
or below 30°. GRANITELD inversions of TILL3D synthetics recover hongal fault planes
to within 10° (panel A). In the other cases, near-horizontal fault plaatesrecovered exactly.
The sensitivity studies thus indicate that the ability & tensile crack moment tensor inversion
to recover fault plane orientations is rather robust witbpeet to the basal topography and
material. Specifically, most tensile crack fault plane mt@ions can be recovered to within 20
with inversions using Green’s Functions calculated for@zdomtal bed. The results furthermore
suggest that ignoring a low velocity layer near the glacasddoes not influence the calculation
of fault plane orientations substantially.
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Figure 3.7: Waveform fits of the full moment tensor inversadithe basal event that occurred
on June 16 at 05:58:12. The black solid line and the red ddsteeepresent data and synthetic
fit, respectively. Green’s Functions were generated us$iagrtLL3D seismic velocity model.
Note that the determined source type is highly isotropic.

3.6 Results of Full Moment Tensor Inversion

Seismic events of the basal cluster were recorded betweerlband July 1, 2004. We inverted
14 out of 28 seismograms using TILL3D, GRANITE3D, GRANITEADd HOMOG Green'’s
Functions. Events recorded between June 25 and 29 were alyzad, because only 7 of
the 14 seismometers were operational during this time gerteurthermore, 4 events which
yielded very low fit qualities were excluded from the anadysThe seismogram of one event
was not inverted as it contains a double event. In the GRASOEnd TILL3D inversion we
varied source depth and velocity of the glacier bed througt @and error to increase the fit
quality of the June 16 event, which has particularly clegnais. The values given in Table 3.1
correspond to the best solution and were used for all ev&htscomputational power required
for the finite difference code generating the 3D Green’s Eans did not allow for systematic
grid searches over these parameters.

Waveform fits for all analyzed events were visually inspeécad where necessary synthetics
were time shifted against the data to increase the varia@utetion. This was done by manually
adjusting thezcorr value (Walter et al., 2009). As bed reflections change thpesbéthe first
arrivals,zcorr values were not the same for inversions with different GeeEanctions. Note
that the Green'’s Functions were calculated without a redligelocity. Hence, thecorrvalues
are not proportional to the source-receiver distances.
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Figure 3.8: Waveform fits of the full moment tensor inversafrthe same event shown in
Figure 3.7, however this time using GRANITE3D Green’s Fiord. The black solid line and
the red dashed line represent data and synthetic fit, regplgctNote that the determined source
type is highly isotropic and closer to a pure explosion timathe TILL3D inversion (Figure 3.7).

Figure 3.7 shows the waveform fits of the June 16 event usiaduih moment tensor inver-
sion with TILL3D Green’s Functions. The fit reproduces madsages well giving a variance
reduction of 65.3%. Misfit occurs mainly on the tangentiahponent. The source-type plot
indicates a large isotropic component, which is strongeawie that this event is a tensile crack
opening and not a shear dislocation. Using GRANITE3D Gre&nnctions, the variance re-
duction decreases by only two percent (Figure 3.8). Thecgotype is again highly isotropic
and somewhat closer to a pure explosion.

The results of all full moment tensor inversions are sumpeakin Table 3.2. Variance reduc-
tions for inversions with TILL3D Green’s Functions are upaighest lying between 43 %
and 65 %. For most events the variance reduction only dezsdasone or two percent when
GRANITE3D Green’s Functions are used. However, the fit qualecreases by around 10 %
when using GRANITEL1D Green’s Functions. On the other har@MOG Green’s Functions
allow for fit qualities comparable to the TILL3D and GRANITEZGreen’s Functions. In fact,
some events exhibit best fit qualities with HOMOG Green’sdtiams.

Figure 3.9 gives a summary of the source types determindd tivé full moment tensor in-
versions using the four sets of Green’s Functions. In alesdake source mechanisms have
a stronger isotropic component than a tensile crack withiasBo’s ratio of 0.36, as used in
the present work. The highly isotropic components may bdagxgd by explosive sources.
However, we do not pursue this interpretation further as evesicler explosions as natural seis-
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Table 3.2: Variance reductions of full moment tensor inversions using Green’s Functions of
the TILL3D, GRANITE3D, GRANITEL1D and HOMOG seismic velocity models. Notice that
for most events the TILL3D Green’s Functions achieve the highest fit qualities. However, for
several cases the HOMOG Green’s Functions yield better fit results. Nonetheless, TILL3D,
GRANITE3D and HOMOG Green’s Functions achieve similar fit qualities when compared to
the GRANITELD inversion results.

Source VR (%) VR (%) VR (%) VR (%)

Time TILL3D | GRANITE3D | GRANITE1D | HOMOG
Jun 1504:41:14¢ 61.8 60.5 48.4 60.8
Jun 16 05:58:17 65.3 63.3 50.9 60.6
Jun 17 04:44:23 61.7 60.7 49.2 60.3
Jun 17 07:41:54 58.9 58.1 50.1 59.0
Jun 19 07:46:24 63.1 61.1 49.8 55.1
Jun 19 07:46:24 55.7 54.9 45.6 53.3
Jun 2001:51:577 52.3 52.3 41.6 52.9
Jun 22 22:39:23 42.7 42.1 29.9 43.1
Jun 24 04:39:14 51.8 48.8 39.0 45.2
Jun 30 04:15:54 51.9 50.7 39.2 51.0
Jul 01 04:29:22| 50.2 48.6 36.6 46.1
Jul 01 05:50:43| 51.0 48.2 38.5 39.0
Jul 01 06:17:55| 42.8 42.8 32.7 42.3
Jul 01 07:58:43| 53.2 54.8 44.6 59.6

mic sources in glacier ice unlikely. The most plausible ttakchanism with a similarly high
isotropic component is a tensile crack. In this view, thesextingly high isotropic degrees de-
termined by the full moment tensor inversions are due tagirothe Green’s Functions, which
we analyze at this point.

Compared to the TILL3D and HOMOG inversions, the GRANITE3Ddrsions determine a
particularly large isotropic component (Figure 3.9). Samechanisms are practically explo-
sions. As a pure explosion does not produce any S-waves,otfnéndting SV-waves in the
GRANITE3D fit (Figure 3.8) contain a large amount of basal BSY6conversions. The HO-
MOG Green'’s Functions, on the other hand, do not contain asgllyeflections. The waveform
fits of the SV waves are thus purely direct waves. Consequé¢nd determined source mecha-
nism is less isotropic, as it has to produce S-energy, wini¢che case of the GRANITE3D in-
version is compensated for by basal P to SV conversions.uAlbbe of the TILL3D inversions
determine source types, with isotropy comparable to theltesf the HOMOG inversions.
The basal reflections and conversions amplify the P and Segsha a way that a less isotropic
source is required than in the GRANITE3D inversion. On theti@ry, the basal reflections and
conversions in the GRANITE3D model amplify the SV-waveletrmthan the P-wavelet, caus-
ing the moment tensor inversion to suppress the generatidinezt S-waves thus leading to a
stronger isotropic component. Neither the HOMOG nor thel'BID inversions recover a pure
tensile crack mechanism. This is likely due to the mateniapprties of the glacier bed, which
none of the four models completely captures. In both ine&sihowever, the mechanisms are
closer to a tensile crack than in the GRANITE3D inversionisTieing said, we do acknowl-
edge that the assumed Poisson’s ratio of 0.36 may be indecéraigher Poisson’s ratio would
move the pure tensile crack mechanism closer to the HOMOGTHAMBD inversion results.
In general, compared to the GRANITE3D model, the HOMOG and 3D Green’s Functions
move the mechanisms in the direction of a tensile crack. iBhésmore realistic source type
than an explosion as suggested by the GRANITE3D inversiblosvever, as a homogeneous
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Figure 3.9: Source type plots of full moment tensor inversiof the data using HOMOG (A),
GRANITE1D (B), GRANITE3D (C) and TILL3D (D) Green’s Functg. In all cases a large
isotropic component is recovered. Note that for the GRANIDENversions the source types
are very close to pure explosions. Both HOMOG and TILL3D Gie&unctions provide a

lower degree of isotropy. .
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Table 3.3: Variance reductions of full and tensile crack moment tensor inversions using Green’s
Functions of the TILL3D and GRANITE3D seismic velocity model. The decrease in variance
reduction (number in parenthesis) when constraining the moment tensor to represent a tensile
crack is larger for the GRANITE3D inversion. This confirms the source-type plots shown in
Figure 3.9, which show that the results of the TILL3D inversion are closer to a tensile crack
than the results of the GRANITE3D inversion. The strike and dip values are calculated with the
tensile crack moment tensor inversion.

TILL3D GRANITE3D

Source VR Full | VR Crack | strike | dip | VR Full | VR Crack | strike | dip

Time (%) (%) ) 1) (%) (%) ) 10
Jun 1504:41:19 61.8 59.0(-2.8)| 200 | 14 60.5 57.4(-3.1) | 188 | 20
Jun 16 05:58:12 65.3 60.4 (-4.9)| 192 | 14 63.3 56.3(-7.0) | 190 | 24
Jun 17 04:44:23 61.7 58.2(-3.5)| 184 | 14 60.7 56.5(-4.2) | 184 | 22
Jun 17 07:41:54 58.9 55.5(-3.4)| 186 | 18 58.1 51.9(-6.2) | 186 | 28
Jun 1907:46:25 63.1 57.0(-6.1)| 240 | 14 61.1 51.9(-9.2) | 216 | 22
Jun 19 07:46:26 55.7 51.9(-3.8)| 188 | 20 54.9 48.7 (-6.2) | 198 | 26
Jun 20 01:51:597 52.3 | 48.1(-4.2)| 186 | 18 52.3 46.8 (-5.5) | 182 | 26
Jun 22 22:39:23 42.7 | 40.6(-2.1)|] 8 0 42.1 38.2(-3.9) | 170 | 16
Jun2404:39:14 51.8 | 48.6(-3.2)| 92 10 48.8 425(-6.3) | 152 | 14
Jun 3004:15:54 519 | 48.4(-3.5)| 30 8 50.7 449 (-5.8) | 150 | 10
Jul 01 04:29:22| 50.2 | 47.7(-2.5)| 242 | 18 48.6 449 (-3.7) | 226 | 22
Jul 01 05:50:43| 51.0 | 42.2(-8.8)| 250 | 18 48.2 36.7 (-11.5)| 312 | 58
Jul 01 06:17:55| 42.8 | 42.1(-0.7)| 74 18 42.8 39.0(-3.8) | 106 | 16
Jul 01 07:58:43| 53.2 52.0(-1.2)| 226 | 20 54.8 52.4(-2.4) | 218 | 24

half space is unrealistic for a finite glacier we choose TIDL&s our favorite model.

We conclude that whereas all presented inversions deterhighly isotropic moment tensors
we favor the TILL3D model for a variety of reasons: First, thejualities tend to be highest.
Second, the source mechanisms are closer to a tensile trackie source mechanisms de-
termined by the GRANITE3D inversions. Third, the TILL3D neds more realistic than the
HOMOG model, as it contains the basal topography deterntiggddio-echo soundings.

3.7 Results of Tensile Crack Moment Tensor Inversion

Using the TILL3D and GRANITE3D Green’s Functions we inverfer a tensile crack mo-
ment tensor. The grid search was first performed usirgi@érements for the strike and dip,
and subsequently the increments were refined°tardund the values giving the best variance
reduction. Table 3.3 shows the variance reductions and fiéare orientations determined by
the tensile crack moment tensor inversion. The variancectezhs are systematically lower
than the values of the full moment tensor inversion. The ehes® in variance reduction from
the unconstrained full moment tensor inversion to the camstd tensile crack moment ten-
sor solution is smaller for the TILL3D Green’s Function thian the GRANITE3D Green’s
Function (numbers in parenthesis). The explanation camied in the degree of isotropy of
the source mechanisms determined with the full moment tangersion. As the TILL3D in-
version results lie closer to the tensile crack mechanisam the GRANITE3D results, less fit
quality is sacrificed when constraining the moment tensotsrisile crack mechanisms.

Figure 3.10 shows the tensile crack moment tensor invesgitnTILL3D Green’s Functions
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Figure 3.10: Waveform fits of the tensile crack moment temseersion of the same event
shown in Figure 3.7. The black solid line and the red dashemriepresent data and synthetic
fit, respectively. Green’s Functions were generated us$iagrtLL3D seismic velocity model.
Compared to the full moment tensor inversion, the variaedection is about 5 % lower.
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for the June 16 event, whose full moment tensor inversiohasva in Figure 3.7. The fit does
not reproduce the impulsive P-waves as well as the full manssor inversion. The source-
type plot of the latter (Figure 3.7) suggests that a highgreke of isotropy is required to fit
the impulsive P-phases. In other words, the isotropic plaiti® tensile crack moment tensor
is not adequate to reproduce the impulsive P-phases. Ambara full moment tensor can
reproduce the impulsive P-phases, because its isotropmembis not constrained. In order
to reconcile this observation with a tensile crack, we ssgteat the basal reflections do not
amplify the P-phase enough relative to the S-phase. Madylike three layer TILL3D model
does not capture details of the glacier bed. Although we tliferent values for the thickness
and seismic velocity of the intermediate layer as well agtiervelocity of the glacier bed, we
cannot guarantee that we found the optimal values. Furtherna single intermediate layer
may not correctly represent a combination of eroded matevater and damaged ice. The true
basal conditions apparently produce relative amplitudd? @nd S-reflections, which cannot
entirely be modelled using a single intermediate layer abenTILL3D model. We therefore
conclude that the lower fit qualities of the tensile craclension as well as the overestimation of
the isotropic moment of the full moment tensor inversiondue to an oversimplified velocity
model rather than a true explosive source.

The dip values determined by the TILL3D tensile crack inia@rs lie between 10 and 20°
(Table 3.3) indicating near-horizontal fault planes. Hooat half of the events the strike values
lie between 180 and 200, which means that the fault planes dip towards West. Theirenta
events have largely varying strike values. At rather smadl\élues it may be difficult to
calculate reliable strike values with the tensile crack rantriensor inversion. In the extreme
case of O dip the strike is actually undefined. Thus, we suggest treatdiyge strike variation
of about half of the events may not be physical but rather dusitmerical instabilities in the
inversion of near-horizontal tensile cracks. The tendaidliese events to have lower variance
reductions supports this interpretation.

To check the robustness of these results, we also repoitshés of the tensile crack inversions
using the GRANITE3D Green’s Functions (Table 3.3). The galare similar although there is
less variation in strike. Furthermore, we performed theitercrack moment tensor inversion
of the June 16 event with Green’s Functions of a horizontdl (#RANITE1D model) and a
homogeneous half space (HOMOG model). For the former caseatiance reduction drops
by 14 % with respect to the TILL3D inversion, and the strike dip values are 184and 32,
respectively. Using HOMOG Green’s Functions, the variaregiction drops by only 5 %.
Strike and dip are 182and 24, respectively. Near-horizontal fault planes that dip taiga
West thus seem a robust result for the tensile crack souftks basal icequakes considered in
this paper.

This resultis furthermore consistent with qualitativeretderistics of the waveforms. At station
B6, most energy arrives in the P-phase (Figure 3.3). The meani this observation can be
understood considering the azimuthal dependence of thati@d pattern of a circular tensile
crack (e. g. Chouet 1979):

u" ~ N+ 2sin®(0) sin® (o)
u® ~ sin(0) sin(2¢) (3.3)
u’ ~ sin(26) sin?(¢)

These relations hold for a tensile crack opening in the e&rk-z plane ¢ andd are the azimuth
and elevation angles, respectively. andu’? are the corresponding components of the ground
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displacement.u* denotes the ground displacement in the radial directidrand ;. are the
Lamé constants. The maximal amplitude of the P-radiatigegraportional tou", whereas the
respective maximal amplitudes of the SH- and SV-radiatierpaoportional ta:? andw’. Note
that the maximal amplitude of the P-wave is different fromoze all directions. On the other
hand, no SH- or SV-energy is radiated(at §) = (90°,90°), the direction along which the
tensile crack opens.

The lack of S-energy recorded at station B6 has two impbeati First, the source does not
emit S-waves in the direction of B6. Second, no basal S-téflex reach station B6. Both
points can be explained by a tensile crack source whosegtailes are perpendicular to the
line that connects it with station B6 and parallel to the glabed. Such a source does not
emit S-energy towards B6. Furthermore, the basal reflestiowards B6 are normal to the
bed, which means that no S-wave reaches the reflection pwinh@ P-energy is converted to
S-energy upon reflection. Considering the source-statemmgtry, we can thus estimate the
fault plane orientation. For the cluster events, the angtevben the line connecting source and
station and the vertical axis is 20Furthermore, the epicenter lies east of station B6, sunges
that the fault planes dip towards West. We therefore cormcthdt the waveform characteristics
are consistent with the quantitative results of the tertsdek moment tensor inversions (Table
3.3).

With the determined fault plane orientations we once again to the results of the sensitiv-
ity studies. In Figure 3.5G we showed the inversion reswtsaftensile crack in a TILL3D
medium inverted with GRANITE3D Green’s Functions. In theeaf bed-parallel fault planes
(cross hairs) the determined moment tensor has a strongfeopg component than a ten-
sile crack source. This is similar to the behaviour we obsgrfor the inversion of the data:
The GRANITE3D Green’s Functions provided sources with Bigkotropy than the TILL3D
Green’s Functions. The sensitivity studies presentedgnriéi 3.5G thus suggest that the large
isotropic components determined in the GRANITE3D inversiof the data are the result of
omitting the basal slow velocity layer. Therefore, we resthat a slow basal velocity layer is
needed to improve the performance of the moment tensorsiorewith respect to the two-layer
GRANITE3D model.

Near-horizontal fault planes suggest that in addition éaéimsile crack opening, the source may
also undergo a shear dislocation due to the downhill motfadheglacier. This corresponds to
the superposition of a tensile crack and a double-couplecepboth of which share common
fault planes (e. g. Minson et al., 2007). Therefore, we adddduble-couple component to the
tensile crack moment tensor inversion and repeated theegaicth for the event shown in Figure
3.10. The variance reduction improved by less than 0.1 % laadi¢termined double-couple
component was 100 times smaller than the tensile crack coemto Therefore, we conclude
that the basal events do not have any significant doublele@opnponent.

3.8 Discussion

Possibly the most profound result of the present study isitharder to model our basal ice-
guakes, a highly isotropic moment tensor is necessary. Jdrggare therefore not due to shear
failure during stick-slip motion, but rather due to tensitack openings, which is the mech-
anism also responsible for surface crevasse openingshdforore, considering the results of
moment tensor inversions as well as qualitative waveforanadteristics, we concluded that the
tensile fault planes are near-horizontal.
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Walter et al. (2008) suggested that basal icequakes befatiergletscher are caused by
large deformation rates that occur during variations ofaba#ding, which can be induced

by drastically varying basal water pressures. Near-hata@dault planes indicate that during

such water pressure variations the basal stress statdés @mplicated. A reason for such
fractures may be the closing of water-filled cavities at ttezigr bed. When growing during

increasing water pressures, such cavities enhance babagslin the absence or during the
rapid evacuation of water, the cavities quickly close (lk&881). The ice above the closing
cavity may deform quickly enough to fracture across neaizbatal fault planes.

In the calculation of synthetic seismograms we placed the&cgoclose enough to the ice-
bedrock interface so that reflections are not distinct framst farrivals but amplify them, as
suggested by the simple waveforms of the measured seismsgk&hen using Green’s Func-
tions of a two layer velocity model consisting of ice and fwadtr, full moment tensor inversions
indicate exceedingly strong isotropic components. Iniodoly an intermediate low velocity
layer at the glacier bed tended to lower the isotropy of thes® although it remained too
high for a tensile crack. Together with the good fit resultsaoted with such a three layer
model, this suggests that a basal low-velocity layer is s&mg to model the seismograms of
our basal events. Although we cannot state with certaintighvphysical conditions exist near
the glacier base, these results may reflect the presencearfiswlidated material such as glacial
till. Despite the strong inclination of the glacier bed batiethe study site such material may
accumulate at least locally in topographic depressionsti#er explanation for the low veloc-
ity layer may be found in basal crevassing. Gischig (200@\&d that surface crevasses can
locally decrease seismic velocities by more than 10 %. Allsigamaged basal ice layer can
therefore be expected to have significantly lower seismimoiges.

The moment tensor inversions of the data as well as the satysiests furthermore showed
that a homogeneous half space can satisfactorily fit wanefawhose direct P- and S-wave
amplitudes are altered by basal reflections. We concludsdltis is inherent to the geometry
of the problem, such as the proximity of the source to thebiegrock interface and the fault
plane orientation. An alternative explanation for the ssscof the Green’s Functions of the
homogeneous half space to model basal icequakes may bé&é¢haetbedrock interface does
not reflect significant amounts of P- and S-waves. We condigessible that fissures, water
lenses and eroded material may absorb large amounts atedastgy and therefore suppress
basal reflections. In this case, the Green’s Functions oitineogeneous half space would be
sufficient as no basal reflections would have to be modellealveder, as previously pointed
out, we were not able to find a realistic combination of laglereaterial producing only small
amounts of P- and S-reflections that would be consistenttvétwaveforms shown in Figure
3.3, and therefore we do not favor this explanation.

The good inversion results attained with the Green’s Fonstiof a homogeneous half space
could also be explained by a bimaterial fracture occurrixactly at the ice-bedrock interface.
In this case, seismic energy is emitted into the glaciersogell as into the bedrock, but none is
reflected. Such a model is supported by the fault plane @atient, which is roughly parallel to
the glacier bed. However, such bimaterial tensile fractweuld be expected during increasing
water pressures, when the glacier may separate from thebddot during low or decreasing
water pressures, which was the case during the occurrenicasal icequakes (Walter et al.
2008). Therefore, we find a source within the ice more likegrt a bimaterial rupture at the
ice-bedrock interface.

In order to achieve good waveform fits, 3D Green’s Functicexs fo be used in the moment
tensor inversions. Approximating the ice-bedrock integfédoy a horizontal plane decreased
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variance reductions by 10% or more. Although the sengjtisitidies showed robustness of
the calculated fault mechanisms with respect to errors ge@s Functions, we therefore argue
that for icequake moment tensor inversions at the curredystite 3D Green’s Functions were
necessary. The sensitivity studies furthermore showeddhdifferent fault mechanisms, such
as double-couple sources and near-vertical tensile graokss in Green’s Functions can have
a much larger impact on the results of moment tensor invessi€alculations of other basal
icequakes may therefore bare further difficulties, depgndn the nature of the source and the
ice-bedrock interface near the hypocenters. On the othat,lhe sensitivity studies showed
that moment tensor inversions can be subject to ambigwbeserning the velocity profile
used to calculate Green’s Functions. In our case, Greemistiems of a homogeneous half
space performed surprisingly well in the inversion, altjlouve are certain that this model is
incorrect, as the glacier is of finite depth.

Having focused on a single cluster with particularly cleaaveforms, only, we acknowledge

that there are likely other basal failure mechanisms whachate seismic energy. The wave-
forms shown in Figure 3.4 point towards a high complexityairse and path effects. Further
source studies of such events will likely lead to more irdBng insights into basal processes
but may require approaches which extend beyond momentrteggesentations of material

fracture.
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ABSTRACT: Using dense networks of three-component seismometers taied in di-
rect contact with the ice, the seismic activity of Gornergléscher, Switzerland, was
investigated during the summers 2004 and 2006 as subglaciabter pressures varied
drastically. The causes of these pressure variations are ¢hdiurnal cycle of meltwater
input as well as the subglacial drainage of Gornersee, a nelay marginal ice-dammed
lake. Up to several thousand seismic signals per day were m@cled. Whereas most
icequakes are due to surface crevasse openings, about 20@mg have been reliably
located close to the glacier bed. These basal events tend txar in clusters and have
signals with impulsive first arrivals. At the same time, bas&dwater pressures and ice-
surface velocities were measured to capture the impact of thlake drainage on the
subglacial hydrological system and the ice flow dynamics. CGurary to our expecta-
tions we did not observe an increase of basal icequake actiyias the lake emptied,
thereby raising the subglacial water pressures close to thifotation level for several
days. In fact, the basal icequakes were usually recorded dinmg the morning hours,
when the basal water pressure was either low or decreasing.uping the high pressure
period caused by the drainage of the lake, no basal icequakegere observed. Further-
more, GPS measurements showed that the glacier surface wasnering during the
basal seismic activity. These observations lead us to conde that such icequakes are
connected to the diurnal variation in glacier sliding acros the glacier bed.

4.1 Introduction

Icequakes are seismic events inside glaciers, ice strdemaen lakes or other large bodies of
ice. For several decades they have been subject to a vafistydies. One benchmark was
set by Neave and Savage (1970), who associated seismic@reAthabasca Glacier, Alaska,
with the opening of surface crevasses. Thirty years lateicidnann et al. (2000) showed that
although an alpine glacier’s seismic activity is dominaigctrevasse openings, icequakes can
occur at any depths. Whereas seismic emission from glagdlas been studied in a variety of
contexts such as the breaking-off of hanging glaciersi@ttak et al., 2008) and glacier calving
(O’'Neel et al., 2007; O’'Neel and Pfeffer, 2007), seismicrses near the glacier bed are usually
linked to basal motion and subglacial hydrology.

Weaver and Malone (1979) studied seismic events on glaekrvolcanos in the Cascade
Range, U. S. A. They reasoned that a number of their detejadls are due to sudden slip
motion of the glacier across the bedrock. Métaxian et al082(hvestigated icequakes detected
on Cotopaxi Volcano, Ecuador. They detected signals whioktrikely originate from reso-
nances of water-filled ice cavities, which may be activatgdich cracking or sudden changes
in water flow near the glacier base.

Basal icequakes have been used to study conditions benegdincfic ice streams. Frequent
radiation of seismic energy from near the ice stream bassuially associated with the absence
of a deformable sediment layer, which is assumed to be aabngy factor in ice stream dy-
namics (e. g. Anandakrishnan and Bentley 1993; Anandakausiand Alley, 1994; Smith,
2006; Danesi et al. 2007).

Stuart (2005) studied the seismic emissions from a surgdiagey in Svalbard, Spitsbergen.
He found that specific basal icequakes may be directly rletehe surging process. They
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Switzerland

Gornergletscher

/

Figure 4.1: Overview of Gornergletscher. At the confluence area Gornersee is shown. Contour
lines of surface elevation are shown (numbers give meters above sea level). The grey shaded
areas are debris-covered portions of the glacier. The boundaries of the seismic networks de-
ployed in the field campaigns of 2004 and 2006 are indicated by the hatched area. A pressure
transducer was installed at the base of BH430, a 430 m deep borehole drilled to the glacier bed
in 2004.

originate from cracks ahead of the surging front, throughctvhvater penetrates to the bed.
This induces a lubrication and heat transfer, which alldvessurge front to move down-glacier.

In the present work we study basal icequakes on Gornerglatsand their relationship to
changes of the subglacial water pressure. There are twopnadesses that induce these pres-
sure changes by altering the water input into the subglacahage system: First, the daily
increase in surface melt during the warm hours of the day endral, the sudden drainage of
Gornersee, a marginal lake at the confluence of the two mibutaries of Gornergletscher,
Switzerland. In both cases we observed increases in watslmside boreholes of 100m or
more. Because this study was part of a comprehensive fieldnaleling investigation of the
drainage of Gornersee we had the chance to include data ciergtgdrology and dynamics in
the seismic analysis.

The sudden drainage of water masses located inside, bepeatithe margin of a glacier is a
well known phenomenon referred to by the Icelandic termuj@kaup’. During a jokulhlaup,

the discharge of affected proglacial streams can incregsdly, often with hazardous conse-
quences. Peak discharges can differ by several orders afitndgs. Estimates for Pleistocene
events are as high a8 x 10 m*s~! (Roberts, 2005), whereas the peak discharges of Gornersee
are on the order of 10#f15~!. The high destructive potential of jokulhlaups underlitresneed

for investigations aimed at predicting magnitudes and tsnskthe drainage events (Haeberli,
1983; Richardson and Reynolds, 2000; Bjérnsson, 2002; Ragrand et al., 2003).

The theoretical treatment of jokulhlaups poses two pdeicchallenges: a description of the
initiation mechanism and a description of the flow of wateotlyh englacial or subglacial
channels. A model describing the evolution of englacialncieds as a competition between
melt-enlargement and creep-closure has been studied ahddao a variety of flood events
(Nye, 1976; Spring and Hutter, 1981; Spring and Hutter, 1982arke, 2003). These stud-
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ies, however, do not account for the possibility of brittief@rmation of glacier ice. Roberts
et al. (2000) showed that fracture processes play an immpanée in the englacial routing of
flood water during a jokulhlaup. They identify hydrofradhg as a mechanism responsible for
fracturing the ice: Fractures are driven into the ice abtneediacier bed when the hydraulic
pressure exceeds the threshold of the overburden predsarepsile strength of the ice. Clari-
fying the role of brittle deformation of glacier ice duringetonset and progress of the drainage
event was a major motivation for the present study.

4.2 Field site

The field experiments were conducted on Gornergletschar Geanersee, which annually

forms at the confluence of Gornergletscher and Grenzgletsobated next to the Monte Rosa
massiv in Switzerland’s canton Valais (see Figure 4.1). [ake can contain up to several mil-

lion cubic meters of water and drains subglacially almostrgwummer. For detailed discus-
sions of Gornersee outburst floods, in particular those 682dhd 2005, the reader is referred
to Huss (2007) and Sugiyama (2007).

At the initiation of the outburst floods, the lake volumes 602 and 2006 were of comparable
size at aboutt x 10°m3. In 2004, the lake drained subglacially with peak dischsugfeabout
15m3s~L. A rapidly rising discharge curve and large uplifts of up tm ®f the glacier surface
(Weiss, 2005) near the lake suggest ice dam flotation as @bpossggering mechanism. In
2006, Gornersee drained across the glacier surface: Thdda&l rose until a narrow lake arm
reached a nearby moulin. The overflowing lake water almostenhately filled the moulin,
raising its water level to that of the lake. After about ong,dae moulin had adjusted to the
large amount of lake water input. Consequently, a strongeatideveloped inside the lake
arm. The water flow gradually melted a spillway into the icevarting the lake arm into a fast
flowing stream. The slow deepening of the canal formed a gaayal only allowed for peak
discharges of less tham?3s!.

4.3 Seismic Setup and Instrumentation

Figure 4.1 shows the locations of the seismic networksliestan 2004 and 2006. The networks
consisted of 14 and 24 seismometers, respectively. Othasumement sites relevant to this
work are shown in the detailed maps of the seismic arraysgargi4.2.

The setup consisted of three-component seismometersliegdhe velocity of ground motion
in direct contact with the ice. The analog seismic signalsewmnverted to digital ones by
a seismic recorder (GEODE’ by geometrics). Up to eight m@ieters could be linked to
one GEODE. The GEODES applied an anti-aliasing, low-pass,fvhose frequency response
decreases by -3dB at 83% of the Nyquist frequency. Apart faormanalog-to-digital high-
pass filter, which only affected frequencies below 2 Hz, nditeahal filters were applied at the
recording stage. The GEODES were linked in series via arrregheable. A laptop equipped
with an external hard disk was connected to the 'master GE@bdEserved as a storage device.
Synchronization of all channels is guaranteed by the respmhile absolute time is provided
by the laptop’s clock.
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Table 4.1: Recording specifications. The variables are explained in the text. In 2006, the value
of ¢,.c was changed several times to values in the range given here.

2004 2006
Sampling Frequency 1000Hz 4000 Hz
threshold ratio 10 20
Nerig 4 10
trec 2s 1s
tpre 0.5s 0.4-0.5s

The majority of instruments were 1 Hz seismometers (Lezniaf-3D; henceforth 'surface

seismometers’) placed on the glacier surface. The manutcspecifies a flat frequency re-
sponse up to 80Hz. Surface melt required daily leveling eséhinstruments. In addition,
28 Hz geophones (Geospace GS-20DH; henceforth 'deep Hersfiemometers’) were placed
in boreholes drilled with a hot-water drill to depths betweg) m and 250 m. In 2006, six
additional 8 Hz borehole seismometers (Geospace GS-1Iefwth 'shallow borehole seis-
mometer’) were installed at a few meters below the surface.bbth types of borehole seis-
mometers, the frequency response was assumed flat, at etssthe corner frequency of the
anti-aliasing filter.

An amplification of 24dB and 36dB was applied to the surfagensemeters and the borehole
seismometers (both 8 Hz and 28 Hz devices), respectivelgle al summarizes the values
of recording parameters that differed in the two field seas@®ecause the recorders were not
equipped with the software module necessary for continueerding, only events detected by
an automatic self-trigger algorithm were recorded. Thgger operated in the following way:
A root mean square (rms) value of two concurrent time wind@ex®mputed. The rms value
over the previous 800 ms ’long-time average’ (LTA) windovdahe previous 80 ms 'short-time
average’ (STA) window are calculated and compared. Whenatiey = STA/LTA exceeds
a given threshold (Table 4.1), that station is said to haggered. In order to initiate recording,
a minimum ofn,,;, channels had to satisfy the trigger condition. The trigdgo@thm was ap-
plied to all three channels of each seismometer. Since thryears,,;, was greater than three,
a single 3 component seismometer could not trigger thesysiace activated, recording took
place for an amount of... seconds. The recording window also included the signalctkde
prior to triggering, indicated by,... In order to avoid multiple triggering per event, the trigge
remained unarmed for a few tenths of a second after everttaete

4.3.1 2004 configuration

In 2004, 14 surface and one deep borehole seismometer (ah Hepth) were operational
between June 15 and July 8 (see Figure 4.2). The seismona@t@ngnconventions were chosen
such that the letter indicates which GEODE they were comaettt, and the number specifies
the seismometer. For the 2004 network, two GEODES were wseah connected to seven
seismometers. GEODE A served as the master GEODE, to whichetiording laptop was
connected.
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90,700 Local northing (m) 91,000

91,000

Local easting (m) 628,500

Figure 4.2: Ortho-photographs of the areas of the seisntwarks in 2004 (upper) and 2006
(lower). The seismometers are indicated by triangles anB& @it by a white square (2006).
At the locations of the large triangles with dots, a surfeceeall as a deep bore hole seismome-
ter were installed. A black dot is plotted at the position df% m deep borehole (BH6) to
the glacier bed equipped with a pressure transducer (2008 .solid line represents the lake
outlines at maximum lake level. The circled dot in the lowmtyre indicates the position of
the moulin into which the lake drained in 2006, incising ayaninto the ice (white arrow).
Coordinates of the Swiss Grid are shown.
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Figure 4.3: Left: Epicenters of deep icequake clustersotiedein 2004 (big empty squares)
and 2006 (big empty circles). Empty and solid trianglesespnt the 2004 and 2006 seismic
stations, respectively. The lake outline (thick black Jingorehole and moulin are indicated
as in Figure 4.2. The contour lines approximate the elenasiothe glacier bed (in meters),
as determined via radio-echo sounding (Huss, 2005). Thieedalne indicates the vertical
cross-section path to show the hypocentral locations attuwake clusters (right panel of this
figure). Right: Hypocenters of the two 2004 clusters. Thesses indicate the icequake loca-
tions and uncertainties thereof as determined by the imredescribed in the text. Coordinates
of the Swiss Grid are shown.
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4.3.2 2006 configuration

In 2006, the seismic setup consisted of 15 surface seisneosnéiree deep borehole seismome-
ters (at 40 m, 140 m and 250 m depths) and six shallow borek@memeters, operational be-
tween May 29 and July 28 (Figure 4.2). Three GEODES (F,G andéfl¢ used to connect the
seismometers to the recording laptop located at GEODE Ftém&EODE). Figure 4.2 also
shows the location of the moulin, into which the lake draineess than 40 m away, a borehole
(BH6) had been drilled to the glacier bed and a pressureduaes installed. This allowed for
monitoring of the basal water pressure in the vicinity of theulin. As the lake drained into
the moulin, these measurements were particularly valuable

4.4 Seismic data

During the field seasons of 2004 and 2006, about 35,000 af®G@gismic events were de-
tected, respectively. As expected (Deichmann et al., 2R@@ye and Savage, 1970; Aschwan-
den, 1992), the vast majority of the recorded signals wastdseismic sources close to the
surface, probably associated with the opening of crevaskess than half a percent of all
recorded events have been located at depths below the sirgyasne. However, these events
are of particular interest in the context of this study, lseathey might be related to water
propagation through sub- or intraglacial channels.

4.4.1 Identification of deep events

Because of the large number of recorded seismic signalsyedbautomated signal recognition
had to be used. We developed two techniques to identify tisenegrams of deep icequakes
among the large data sets: An automated waveform discrioritased on the presence or
absence of the Rayleigh phase and a cross-correlatiornsearc

The seismograms of deep icequakes show substantial diffieseo those originating from shal-
low depths (Deichmann et al., 2000): The P-wave recordedday-surface sensors is very
impulsive and strongest on the z-component. Addition#iilg, Rayleigh phase, which is char-
acteristic of signals of shallow icequakes, is missing ocmless pronounced in the records
of deep events. Since the Rayleigh phase produced by shakowakes is of lower frequency
than P- and S-phases, which dominate the deep icequakéssitneafrequency of the dominant
phase can be used as an automated waveform discriminatoe @@ waveform discrimina-
tor based on the frequency content finds a set of deep evetntse @omain cross-correlation
can be used to find events with similar seismograms: We @ossiate the z-component time
series of a 'master’ event with those of all other eventsaetein the particular field season.
Each track is cross-correlated independently, which m#atseach track may show a maxi-
mum cross-correlation at a different lag. The spread in léfgrdncess;,, and the maximum
cross-correlation coefficiert,,,., are used to quantify waveform similarity. 'Perfect simitar

is indicated byR,,.x = 1 andsj,, = 0. The cross-correlation search identified up to several
dozens of events with similar seismograms that had prelidaeen missed by the waveform
discriminator.
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4.4.2 Hypocenter location procedure

The icequake locations were found using a procedure destiibLee and Steward (1981). An
inversion algorithm searches for locations in space ymgldheoretical P- and S- arrival times
as close to the hand picked ones as possible. The theomatinal times were calculated with
user-input seismic velocities. Specifying higher velestfor the deep borehole seismometers
accounted for crevasses and fissures near the glacier eslriagvn to cause a slower seismic
velocity zone within the top 20 m (Gischig, 2007). The setswelocities we used were deter-
mined via a set of explosions at distinct locations througlloe seismic network. The arrival
time picking accuracy was usually 5ms or better. The unicei#s in locations are given by one
standard deviation of the location errors calculated framdiagonal elements of the inverse
normal equations scaled by the assumed timing errors. Mdsedime, the uncertainties were
no larger than 10 m in all directions. In some instances, kewehey were as high as 30 m.
The vertical component was generally subject to larger aicgies than the horizontal ones.

4.5 Results

4.5.1 Deep icequake locations
2004 locations

More than 80 deep events were identified and located in thenaur2004. Most of these
cluster in two distinct regions near the glacier bed. Theeaters of the remaining deep events
are outside the seismic array. Consequently, the qualitlyeof locations is poor and does not
allow for further analysis of their source depths and pdssttustering activity. Figure 4.3
shows the epicenters of the two basal clusters inside tsengenetwork. The clusters contain
about 30 events each and their signals show a high degremitdrsiy which makes them very
suitable for the cross-correlation search and suggesdthgahave similar source mechanisms.
The hypocenters are located at depths of 150m. This comespmosely to the glacier thickness
as determined by radio-echo soundings (Huss, 2005). Thesméss measurements, however,
can contain an error of up to 20 % of the thickness. Taking tieerainties of the icequake
locations into consideration, as well, we cannot deterrainghis point whether the icequakes
are at the ice-bedrock interface, just above or just below ite signals of the western-most
2004 cluster (Figure 4.3) show a higher degree of simildhin those events belonging to any
other cluster detected in 2004 and 2006. Figure 4.4 showsrsiieseven recordings from this
cluster, which occurred over a time of about one week. Thatevieelonging to this subset
show particularly high coherence. Any pair of seismogramienging to this subset yields
a correlation coefficienk of 0.86 or higher when using the entire waveform and 0.98 when
using the first P-arrival, only (using a bandpass filter betw® and 80 Hz). Like most of the
basal icequakes considered in this study, signals of the simawvn in Figure 4.4 lasted between
0.1sto 0.2s at all stations. Figure 4.4 furthermore showg# impulsive P-arrivals, which
are particularly pronounced on the vertical component. Sd@nd main phase is the direct S-
arrival, whereas no significant Rayleigh wave can be seesidBg the two basal clusters, about
25 deep icequakes located about 500 meters north-west afrdnewere found. For these, the
location quality in all dimensions is very poor (uncertastof up to 100 m). This is due to
the bad azimuthal distribution of recording seismomet¥et.the signals show impulsive first
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Figure 4.4: Vertical velocity seismograms of a subset ofjiakes belonging to the western
2004 cluster, all recorded at station A6 (Figure 4.2 and feéigu3). P- and S-arrivals are indi-
cated. A 2nd order causal Butterworth bandpass filter witheofrequencies of 5 and 80 Hz
was applied to each signal. The events were recorded betiween1l5 and June 20, 2004.
Among all events belonging to this cluster they show the ésgldegree of similarity® > 0.86
for entire waveform and® > 0.98 for first P-arrival).

arrivals, typical for deep icequakes. Furthermore, the fivstions of the P-waves recorded at
the deep borehole seismometer indicate that the hypoeseliteat depths comparable to the
depth of this seismometer (100 m). Whereas the clusteredsleng within the network have
pronounced P- and S-phases, the signals of the deep everg®lytside the seismic network
have little or no S-energy.

2006 locations

The set of deep icequakes detected in 2006 shows severkdifes to that of 2004. In 2006,
the total number was nearly 200, as opposed to about 80 in. ZDB4 may be partially due
to the larger seismic array. Similar to 2004, the majoritythed 2006 basal icequakes shows
clustering. However, about 40 deep icequakes in the 200feset not associated with a clus-
ter. Of these 40 scattered events, more than half were keliatated at intermediate depths
within the ice. Therefore, their sources were unlikely tcalssociated with surface crevassing,
which is confined to depths of about 20 m (Paterson, 1994) tir basal brittle fracture. De-
ichmann et al. (2000), found only one such event on Untelgizcher, Switzerland. Although
the location quality was good, it seemed somewhat sus@dizat among over three hundred
located icequakes on Unteraargletscher only one occutredesmediate depths and several
dozens near the glacier base. Figure 4.3 shows the regioigtoédt activity containing five
clusters with over 120 events. The sizes of the clustersiate different: they contain between
about 10 and 50 icequakes. Most deep icequakes show thaltypjgulsive P-arrivals, which
are usually compressive possibly indicating a highly igpic source. However, unlike in 2004,
some events also show dilatational first arrivals which magwidence for a deviatoric source
or a collapse.
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4.5.2 Icequake activity

In the remainder of this paper, variations in icequake #gton different time scales are dis-
cussed. The focus is directed to the events belonging tod®¢ 2nd 2006 basal clusters shown
in Figure 4.3 (henceforth basal cluster events). As will beven, the activity of basal clus-
ter events reaches its maximum during times when the rengasgismicity, consisting almost
exclusively of surface icequakes, is relatively low.

Influence of trigger

Water flow on the surface and within the glacier can substiyiincrease the seismic back-
ground noise of the glacier and thus decrease the triggeitséy of the instruments. En-
hanced water flow can be the result of precipitation eventscipitation records of 2004 and
2006 show several such events throughout the summer. Wensoed the data sets to evaluate
if the timing of precipitation events may introduce a substd bias to the trigger sensitivity
and thus event detection. The patterns in event detectiesepted here show no systematic
dependence on the occurrence of precipitation events.r&iegahanges of seismic activity on
a diurnal scale and with respect to the lake drainage, wefiwer conclude that the changing
trigger sensitivities induced by precipitation events rbayneglected.

The diurnal surface melt cycle, however, does induce a derable trigger bias: During the
day, meltwater runoff into streams and moulins increases#ismic background noise of the
glacier. Because the trigger is effectively measuringaigm noise ratio (using the STA/LTA
threshold), as noise increases the trigger sensitivityedeses. This means that the trigger is
more sensitive at night or in the early morning hours. As veecancerned with secular varia-
tions in seismic activity, we must account for variationgrigger sensitivity that could falsely
be interpreted as seismic activity variability. In this athe following section, the approach
to this problem is explained in detail using the 2004 set obrded signals. An equivalent
procedure was applied to the 2006 data.

The changing trigger sensitivity also affects the perfaroeaof the waveform discriminator.
Events with high signal to noise ratios are more easily ifiedt a characteristic that deep
events during night times are more likely to possess thasetldoiring day times. The cross-
correlation technique, on the other hand, is less sengagiehanges in background noise, be-
cause prior to performing the cross-correlation the sgyaet bandpass filtered between 5 and
200 Hz. This is further discussed at the end of this section.

Because the majority of identified deep icequakes occurustets and have similar signals
(Figures 4.3 and 4.4), the cross-correlation techniquectietthese events efficiently once a
single or few members of the cluster are found by the STA/LTéthod. If events were only
found via the waveform discriminator it is difficult to judgenether their occurrence reflects
actual seismic activity or merely a time of low backgroundseowith high signal-to-noise
ratios. On the other hand, the cross-correlation technigumits event detection that is less
sensitive to background noise. Therefore, we have analyzlgctlusters whose event-detection
was via the cross-correlation technique.

In order to investigate the changing trigger sensitivibe telative strengths of the recorded
signals were determined: For each event, the median of txeamaen amplitudes of all seis-
mometers was computed. Figure 4.5a shows the result for0b# @ata. Varying on a diurnal



72 CHAPTER 4. TEMPORAL EVOLUTION OF BASAL ICEQUAKE ACTIVITY

median counts

only one geode

2
S
-
b operating 300 N
. S
L
200 &
%)
c
% 100 &
te] >
« 10 o
8 s
*g 6 beginning of
O 4 | subglacial drainage
>
o 7| . |
% Il_l | | | | | | | | |
() 15 17 19 21 23 25 27 29 01 03 05 07
©

June 2004 July

Figure 4.5: Seismic activity on Gornergletscher measuyetth®é 2004 seismic array. (a) Me-
dian counts of the recorded seismic signals are calculatéaking the median of the maximal
amplitudes at all 14 seismometers. Each black dot corr@sptmnone recorded event. For il-
lustration purposes the strongé8t% of the signals is not shown. The strengths of the weakest
seismic signals are prone to diurnal variations due to tgh bdaytime noise. The horizontal
line represents the median count cut (minimum complet¢gnédn June 20, 21, 23, 25, 29,
30 and July 6 there are missing recordings due to instrumatftinctions. Between June 25
and June 29 only the seven seismometers of Geode A were ioger@i) Seismic activity in
bins of two hours. The dotted line includes all recorded aigythe solid line only those with
median counts above 1000 (horizontal line in a). (c) Histagof the activity of deep events.
Empty columns include all events belonging to the 2004 elgsshown in Figure 4.3, the solid
columns only those with median counts above 1000 (horizdingin a). Note that no basal
cluster events were detected after the beginning of thedekeage.
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scale, as expected, the median count level of the weakeslsigan be used as a proxy for
trigger sensitivity: At night, signals can be recorded thatld be too weak to trigger the sys-
tem during the day. Therefore, these 'weak’ events may tefiedrigger sensitivity rather than
diurnal variations in seismic activity. Based on Figureadvie assume that above a median
count level of 1000 counts (horizontal line in Figure 4.%8§ recorded events form a complete
set ('strong’ events), meaning that they would be strongighdo trigger recording at any time
of day.

For the 2006 data, those events subject to changing triggeits/ities were determined in the
same manner. The only difference is that the threshold wasdféo be 2000 counts, twice as
high as in 2004. The reason was that the low level cut-off efjimke median counts is not as
clear as in 2004. This most likely is an effect of the diffdreigger settings (Table 4.1) and the
larger number of seismometers.

To confirm the robustness of the cross-correlation seart nespect to seismic background
noise, we conducted search runs with 2004 basal clustealsigmwhich we artificially added
noise. The goal was to examine if signals with added daytimsengenerally do not pass the
search criteria whereas those with night time noise do. &h¢hse the changing background
noise of the glacier strongly influences the performancéettoss-correlation search.

The noise time series was extracted from a 0.5 s pre-eveatimdow of the regular 2 s event
files. The 0.5 s of seismic noise was then concatenated & to a 2 s noise time series. For
each day during which basal cluster icequakes were detetatbise seismograms were con-
structed, each one containing noise from a different hotihe@ftay. To these noise time series
we added the basal cluster signals of the same day. We th&armped the cross-correlation
search on each cluster using the time series that consistied sum of noise and signal.

Out of the 24 strong basal cluster events that were found @4 207 events were detected by
the cross-correlation search in all cases of added noiseeeTévents were no longer detected
during several or all hours during both day and night. Twaévéailed detection with daytime
noise while passing detection with night time noise. Howgetlgs was only the case during
one or two afternoon hours. Merely two events were so wedaktlieg could only be detected
during low-noise morning hours. Thus we conclude that ferrttajority of strong basal cluster
events detection via cross-correlation search is not sem$o changing seismic background
noise.

4.5.3 Background glacier seismicity (2004)

Before the lake drained, between 20 and 100 events per hoameeorded (Figure 4.5b). Note
that between June 25 and June 29 only one geode was operattiiad, is likely the cause of
reduced daily peaks. As the lake drained, the number ofg&eents increases to more than 150
events per hour on July 5. During the first half of the draindlge fraction of weak icequakes
is significantly larger than during the maximum of the setsadtivity on July 5, when the large
majority of icequakes passes the median count cut (Figdie) 4.1t is difficult to assess the
meaning of this observation, since the locations of thesguakes have not been determined.
The change in relative abundance of weak and strong sigretdmdue to changes in location
or changes in source strength.

As shown in Figure 4.5c, up to twelve basal cluster eventslpgwere found. Almost half of
them are strong enough to pass the median count cut. On Julst prior to the lake drainage,
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12 basal cluster events occurred. Although most of them aekythis seems to mark a period
of high activity. During following days (between July 2 andyd7, which marks the end of the
recording), while Gornersee drained, no more basal clestants were detected. Yet on July 2,
3 and 4 the night time seismic noise level appears to be lowgmto allow recording of weak
basal cluster events as on July 1. After July 5, the lake dggrseems to increase the seismic
background noise significantly (Figure 4.5a). This propaihibits recording of weak events
even during the night.

4.5.4 Diurnal activity

It is clear from Figure 4.5b that the activity of icequake®wh significant variations within
a diurnal range. To illustrate these variations, the ickguaccurrence (source times) stacked
for each hour of the day is shown in Figure 4.6. Only days thatvsno gaps in recording
were used for this stack (see Figure 4.5 caption). The idexjaativity as determined from
all strong recorded signals (black solid line) reaches & dgaaximum in the early afternoon.
During night time and morning hours the activity is much lowEhis is expected since during
the warm hours of the day, glacier flow reaches a maximum Isecafibasal sliding. Note
that the diurnal signal in activity does not appear whenuditlg the weak events (dotted line).
We suggest that the larger number of recorded weak eventparwsates for the actual lower
activity rate at night.

The small subset of basal cluster events shows a differamalivariation (histogram in Figure
4.6, top): none of the strong basal cluster events occunguhie times of maximum seismic
activity shown by the black line. They instead tend to ocawniry the early morning hours or
late at night when the overall seismic activity reaches a low

As can be seen in Figure 4.6 (bottom), the data of 2006 repesdthese diurnal fluctuations
in icequake activity: Again, when considering the set aoeg icequakes’, the overall seismic
activity reaches a maximum between early and late aftern@unthe other hand, the activity
of basal cluster events is highest during night times an@#nky morning hours.

The systematic occurrence of the stronger deep icequakashws opposite to that of the
overall seismic activity is a central point of the presentrkvoThis is a robust observation
because potential biases of the diurnal variations of tgger sensitivity were accounted for by
considering only those icequakes above the median cowsttbld. Furthermore, as we showed
above, the daytime seismic background noise is not strooggémnto prevent detection of strong
basal cluster icequakes via cross-correlation searchrder @o stress this point, consider the
17 strong basal cluster events that are detected despitdthgon of daytime noise. None
of the basal cluster events of 2004 occurred between 12:6@@r00, an 8 hour long time
window. If the 17 strong ones occurred randomly throughbetday and independently of
each other, then the probability of not detecting any of thetween 12:00 and 20:00 would be
(1 — 22)17 = 0.001. We therefore attribute the systematic detection of bdsater icequakes
during night time hours to changing source activity and aattanges of the detection threshold
due to diurnal variations of the seismic background noise.
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4.6 Discussion

The analysis of the diurnal activity of the basal clusteritkes showed the following main
results: First, strong basal cluster events occur predamtiyrin the morning hours or late at
night. Second, the overall seismic activity of the gladieicontrast to that of the basal cluster
events, is maximal in the afternoon. Third, there is no awgethat the lake water input leads
to an increase in basal cluster events. In fact, during tl2l 2Zbibglacial drainage and at the
onset of the 2006 overflow of Gornersee, no basal clusteualers were detected.

These results cannot be explained by hydrofracturing, bichwhracks are opened up with
high water pressures. If this were the process responsbléhé basal cluster events, high
source activity would be expected during the warm hours @iy when meltwater enters the
subglacial drainage system with the potential to increasalwater pressures drastically. Also
the influx of water due to the lake drainage alters the suljlagdrological conditions in a
manner to favor hydrofracturing rather than to suppress it.

4.6.1 Comparison with basal water pressure

A comparison between the source times of basal cluster aexguand the time series of basal
water pressures measured in nearby boreholes is furthezree against hydrofracturing. Fig-
ure 4.7 shows the data of pressure sensors in bore holes B2@39) and BH6 (2006). Their
locations are given in Figures 4.1 and 4.2. Whereas bordBldi30 was somewhat remote
from the 2004 seismic network and the basal cluster evenecidel that year (about 800 m
from the center of the seismic array), borehole BH6 wasadtilh the immediate vicinity of the
2006 clusters and of the moulin that the lake drained inte ESgure 4.3).

Prior to the lake draining, both time series show large dilpressure fluctuations of up to
100 m or more which nearly reach flotation level during presqeaks. This is evidence for
the good connection of the boreholes to the subglacial dg&rsystem. During the 2004 lake
drainage, for about four days, the basal water pressureimech&igh even during night time,
when it usually drops. Thus, diurnal pressure fluctuatioaswauch less pronounced. Note that
the pressure rise is not exactly coincident with the begigoif the lake drainage. This time lag
may be due to the distance between lake and borehole. ltagldgfiult to define an accurate
beginning of the 2004 drainage event, since superglaaaiadge and icedam flotation preceded
or accompanied the subglacial drainage (Huss, 2007).

In 2006, a similar pressure rise was observed during thenbagy of the drainage. Again, for
about two days, the water pressure did not fall during thétighis high pressure level could
also be observed at the surface. Once the lake overfloweth@taoulin, it quickly filled it, so
that the water level reached the glacier surface. Howewdikeuin 2004, after about one day,
the subglacial drainage system adjusted to the water imgltree diurnal pressure fluctuations
manifested themselves once again.

Figure 4.7 (top) also indicates the source times of the lihgsier events in 2004 and 2006. In
2004, all cluster events occur on the falling limbs of therdal pressure peaks. None occur at
the pressure peaks. Furthermore, no basal cluster icesjoakar just prior to and during the
lake drainage.

The 2006 basal cluster events (Figure 4.7, bottom) occunstiexclusively at the lowest pres-
sures measured on the day of their occurrence. As in 2004sa bluster events were detected
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Figure 4.6: Stacked times of icequake occurrences (‘sotimoes’) of years 2004 (upper)
and 2006 (lower). The histogram shows the stacked sourastohdeep icequakes. Empty
columns correspond to all basal cluster events and solwhuad to those above the median
count cut. The dotted line shows the stack for all detecteshtsv(shallow or deep). The
solid line represents the subset of events passing the medimt cut. Note the relatively even
distribution of all seismicity, with a small peak in the afteon, whereas the basal cluster events
appear to exclusively occur in the early morning and lateegehours.
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during the high pressure period of the lake drainage. Bdssler events were recorded again
after the moulin saturation when pressure fluctuationsnesi

Summing up the comparison between the diurnal fluctuatibbagal cluster icequake activity
and basal water pressure it can be stated that there is reneeidhat high water pressures cause
basal icequakes. Instead, these seismic events seem tocacowg low or decreasing water
pressures. Itis therefore unlikely that hydrofracturisghie cause of these seismic events.

4.6.2 Comparison with surface motion

Between July 1 and July 5, 2006 continuous GPS measuremengsailable from a receiver
installed near station F6 (Figure 4.2). Figure 4.8 shows(élverage) stacked surface uplift
for this time period. The accuracy of a single GPS measuremen0.3 cm (Sugiyama and
Gudmundsson, 2004). The graph further shows the stacked Wwater pressure of the same
period as measured in borehole BH6 as well as the temporatrecce of basal cluster events
detected in this time period. The GPS data was very noisy asdsmoothed before stacking.
This was done using a moving average filter with a shape giyehéfunction(1 — (d/w)?)?,
whered is the distance in time from a data point to the center of therfdndw = 4 hours is
the filter length. In addition, an overall trend was subeddrom the time series. It should be
mentioned that the GPS data was too noisy in order to takedengatives of the horizontal
coordinates to reliably determine diurnal fluctuationsanizontal surface velocities.

The surface uplift shows a pronounced diurnal fluctuatidre peak is reached at around 20:00,
whereas the low occurs just before noon. The surface logiehining the morning hours is
interrupted by a small bump starting at around 04:00. Thasuie can also be seen in the
unstacked data. The origin of this change in lowering ratetknown.

These fluctuations from the overall trend have an amplitdd@out one centimeter, which is
several times smaller than the diurnal uplifts observeth&rrdown on the glacier tongue (Huss,
2007, Weiss, 2005). The reason for this is probably thah&rtdown the glacier bed becomes
horizontal. This allows for the temporary storage of dailgltwater with the potential to lift
up the glacier over larger regions. Under the seismic stitdy sn the other hand, only the
glacier’s surface is horizontal whereas its bed is strongtiined (Figure 4.3). Meltwater runs
down this incline and can only be stored in small quantitel®cal depressions. A large uplift
of the glacier over larger areas is therefore not possible.

Figure 4.8 shows the key relationship between surfacetgrid the source times of the basal
cluster events: The latter occur exclusively during thequeof surface lowering. Considering
also the weak events (empty bars), the figure suggests thiaattal cluster events may be related
to the bump that interrupts the overall lowering of the stefaAnother interesting observation
Is that the surface uplift reaches its maximum after thahefliasal water pressure. Sugiyama
and Gudmundsson (2004) made the same observation on Ugtetaeher, Switzerland.

4.6.3 Source mechanism

A central yet open question that arises from this investgas what mechanism causes basal
clustering of icequakes. The seismic moment tensors oethesnts would give quantitative
information about fault geometry, fault strength and falmechanism (e.g. double-couple or
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Figure 4.7. Basal water pressures as measured in boreh@l@ugBer panel, see Figure 4.1
for location) and borehole BH6 (lower panel, see Figure 2006, for location). The pressure
sensor in borehole BH6 was installed about 20 m above theégdlfing in a low pressure cut-
off whenever the water level sank below the pressure sef$@rsolid vertical line marks the
beginning of the lake drainage events for each year. Supesed on the pressure time series
are the source times of the 'strong’ basal cluster icequakeisat year (black squares). For
2006, the size of the squares indicates how many icequakesred during that time period

(their number is given below each square). Note that thel lochsster icequakes occur only at
pressure decreases or near minima.
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isotropic) and are therefore of high value in answering djoisstion. As a second step, model-
ing glacier flow subject to strong changes of basal boundamglitions can provide clues about
the deformation of basal ice layers. The modeled stress taaith $ields can help understand
why the fracture types as given by the moment tensor sosibonurred. At this point, we dis-
cuss possible source mechanisms considering the temparaidtions in activity and observed
seismogram characteristics.

One possible reason for icequakes near the ice-bedrogkackemay be sudden slip motion of
the glacier. Previously, such motions were studied undéartic ice streams (Anandakrishnan
and Bentley, 1993; Anandakrishnan and Alley, 1994), whiateha sliding component to their
motion. Weaver and Malone (1979) concluded that seismitassgobtained from monitoring
three Cascade Volcanos in Washington State, U. S. A., atgthfrom such motion, as well.
Considering the signal characters we now present evidegairst such a source.

A slip motion is a shear failure near the base of the glacieprdduces a seismic radiation
pattern consistent with a double-couple source (Aki andh&ids, 2002) which is a function of
the azimuth of the vector connecting source and recordetgpst This dependence manifests
itself in a quadrantal azimuthal distribution of compressand dilatational first arrivals of the
seismic waves. Specifically, if the slip occurs in a planafalrto the glacier bed and in the
downhill direction, the first P-wave motions uphill of theliae region will exhibit dilatational
polarity, whereas those downhill of it are compressive fatiscussion of seismic radiation
patterns of specific sources see Aki and Richards, 2002)ndalaishnan and Bentley (1993)
noticed first arrival patterns that are expected for slipiamotunder the Antarctic Ice Streams
B and C. As far as the present study is concerned, all 2004henkhtge majority of the 2006
basal cluster events show compressive first motions, ordsutiBizing one of the 2004 basal
clusters, it was found that slip motion in the direction o# thed inclination cannot produce
compressive first arrivals at all stations (Gischig, 20@4)hough full waveform inversions to
calculate the seismic moment tensor are needed to deshebsetsmic sources of the basal
cluster events rigorously, the radiation pattern of firsitvats indicates that stick-slip motion is
not responsible for the majority of basal cluster events.

4.6.4 Basal processes

Tensile failures within the basal ice layer can produce aasgive first motions at all azimuths
and thus seem more plausible than shear failure. Hydroiftiagt can cause these kinds of
failures. For instance, pressurized water may enter gegicracks and extend them. This
process has been studied theoretically for surface andrbaitevasses (Van der Veen, 1998a;
Van der Veen, 1998b; Van der Veen, 2007). However, we algztréis kind of mechanism
due to the diurnal activity of the basal cluster events, Whends to peak at low or decreasing
water pressures.

The dependence of glacier sliding on basal water pressoredas a better explanation than
hydrofracturing does. In the remainder of this discussienmake some propositions of how
sliding may affect basal cluster activity and what role basser pressure might play.

Equation 4.1 is an empirical relation between sliding vyoe, basal shear stressand the dif-
ference of basal water pressuyreand ice overburden pressuyrgalso called effective pressure
(Paterson, 1994 ).
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Figure 4.8: Comparison between surface uplift (solid litg)sal water pressure (dotted line)
and the source times of basal cluster events (histograntaebe July 1 and July 5, 2006.
Empty columns represent the stacked source times of alti@etdasal cluster events, solid
columns those of the strong ones. The surface motion andl\lwasa pressure were measured
with a GPS unit near station F6 and inside borehole BH6, msfedy (Figure 4.2). The uplift
and pressure graphs were produced by stacking and avetagitigme series during the 5 days.
The GPS data has been smoothed with a moving average fileetegs. Note that the basal
cluster icequakes occurred at times when the surface wasiluyv

u = kTp(pi - pw>_q (41)

Here,p andq are positive integers aridis a constant that depends on the thermal and mechan-
ical properties of the glacier ice and increases with destngabed roughness. According to
this equation sliding is drastically enhanced for subglwater pressures approaching the ice
overburden pressure, which is the case at or near the sttedydithe present work (Figure
4.7). If the water pressure reaches flotation level overgelanough region of the glacier bed,

it can decouple the glacier from its bed. On the other harel)atge diurnal water pressure
drops near the bed lead to a strong decrease in sliding. Asaged ice layer couples to the bed
again it has to undergo large deformation rates due to tHertgraction of the bedrock on the
glacier base.

We suggest that this deformation of basal ice is respon$iblis tensile fracturing and thus

causes the basal cluster icequakes. Although the cougiitiggace to the bed may cause pri-
marily shear stresses, failure can still occur in the dioecof maximum tension, similar to

what is observed in the case of simple shear at glacier nsa(§aterson, 1994 ). The high
basal deformation might be favored in distinct regions duéhe presence of obstacles, high
bed roughness or spatially unevenly distributed water egas§his can explain the clustering
behavior of these icequakes. An interesting observatitimaisthe locations of the 2006 clus-
ters had not produced basal icequakes in 2004. An explanaiay be the changing subglacial
drainage system. At a certain time, a region of the glacidrrhay be particularly well con-

nected to the drainage system. The large diurnal basal wagssure differences result in large
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deformation rates and fracturing of nearby basal ice duawgvater pressures. In a subsequent
year the drainage system may have changed and the largeneréisstuations needed to cause
fracturing of the basal ice layer are no longer occurrindnia tegion.

Another explanation for basal cluster events may be fourtderevolution of water filled cav-
ities at the glacier bed. The bed near the seismic network Imeatpo inclined (Figure 4.3)
to allow basal water to accumulate and decouple the glasier @ large region. However,
the large diurnal fluctuations in basal water pressure ngusrying sliding velocity may still
lead to large enough deformation rates of basal ice to caasa bluster events. During high
basal water pressure periods water filled cavities on thsitkes of bed undulations grow. Iken
(1981) showed that this cavity growth greatly enhancesnglidAs the pressure drops the large
hydrostatic pressure inside the basal glacier ice causeflitthe cavities again. In this process
ice may actually flow 'uphill’ into the cavity. The large dnal fluctuation of the basal water
pressures suggest that water may leave such cavities yapidthis case large deformation
rates can be expected as the basal ice closes the cavitiesgatckly, possibly leading to basal
cluster events. This process may explain the observatatrbtsal cluster events occur as the
surface lowers (Figure 4.8): The small diurnal lifting amevéring of the surface may be due
to the local evolution of cavities. In this case the lowenmguld correspond to the closing of
these cavities. It should be emphasized, however, thatyoangation is just one of the possible
explanations for surface uplift. The latter may also be desical straining, which has been
shown to vary on a diurnal scale as well (Sugiyama, 2003).

Generally, the basal ice beneath the study site can be eptcbe particularly prone to large
deformation rates. Whereas the glacier bed is stronglyned| its surface is nearly horizontal
in this region. Consequently, the ice thickness grows duiokthe down-glacier direction.
The basal shear stressin equation 4.1, essentially has to support large partseotittwnhill
force on the ice. As the thickness increases so does the dobfente and thus the basal shear
stress. According to equation 4.1 the sliding velocity afsweases in the downhill direction
thus leading to stretching of the ice near the glacier beds ddm explain why the basal cluster
events can be expected particularly in this part of the glaci

4.7 Conclusion

We have studied the effect of diurnal basal water pressuratins and the drainage of a
glacier-dammed lake on seismic emissions near the base roefgtetscher. This investiga-
tion was part of a comprehensive field and modeling effortrtdanstand the interaction of the
Gornersee drainage with glacier dynamics and hydraulibg. SEismic network thus operated
concurrently with acquisition of GPS and borehole presdata. This allowed for comparison
between the glacier’s seismic activity, dynamics and hyiita. No evidence was found that the
passage of the lake water through or under the glacier cdugttd deformation radiating seis-
mic energy. Instead, basal cluster icequakes predomynacturred during low or decreasing
water pressure. During water pressure peaks caused bythdrimnage and daily surface melt
no basal cluster events were detected. Therefore, we cagpat the detection of hydrofrac-
turing of basal ice in the vicinity of the study site such aseted by Roberts et al. (2000).
We explain the basal icequake activity that we detected an&gletscher by considering vari-
ations in sliding velocity caused by basal water pressuptuations. This model assumes that
deep basal icequakes are caused by tensile fracturinghreegtacier bed rather than stick-slip
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motion. The compressive arrivals of P-waves observed aratiuths are an indication for ten-
sile faulting, too. Shear faulting as in the case of stigg-siotion would produce a quadrantal
pattern of compressive and dilatational P-arrivals (Ald &ichards, 2002).

As a next step, full waveform inversions to estimate souropgrties should be made to further
characterize icequake sources. In addition, numericdlosemodels can help understand how
large basal deformation rates can occur as basal hydralogpoditions change. In this view,
measurements of inclinometers installed inside the glacithe summer 2006 may be of great
value. They, too, show diurnal signals which are likely toit@uced by varying basal water
pressures (VAW, unpublished data).

In any case, passive seismic measurements such as thosibettdere provide a suitable
means to study basal processes. In the current study thartisylarly interesting since the
lake drainage causes an abrupt perturbation to the subabtaciditions which has a significant
impact on the entire glacier.
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Chapter 5

Outlook on Analysis of the
Gornergletscher Seismic Data

5.1 Overview of Future Work

Only a small fraction of the seismic data recorded durindigld seasons of 2004, 2005, 2006
and 2007 has been analyzed. The vast majority of recordgdages has not been investigated,
let alone been located. Furthermore, there are aspects séismic records, such as the ambient
seismic noise, or records of nearby tectonic earthquakbsghwdid not directly fit into the
context of the present work but nevertheless should be pdrsufuture research efforts. So
far, the analysis of the Gornergletscher seismic data hexs feeused on a very small subset of
events. As the data was investigated in the context of chgrigydrological conditions inside
and under the glacier, those events well below the surfa@ssing zone have been of interest.
Continuous data recorded in 2007 contain a large number s#l beequakes, whose source
times and fault mechanisms have yet to be investigated icdh&ext of basal water pressure
variations. Whereas this complements results of previtudiess of basal icequakes, we also
propose studies of near-surface seismicity, as it proviidfesmation about ice dynamics near
the surface, which was concurrently investigated with gécdneasurements.

For all field seasons, it would be interesting to study thenglea of near-surface seismicity
prior to, during and after the drainage of Gornersee. It le@nlshown that the glacier’s surface
motion responds to the drainage event (Huss et al., 2007y&ug et al., 2007 and Riesen,
2007). Consequently fracture processes emitting seismeigyg are also expected as a response
to the drainage.

Aside from the regular icequakes that have been the centatterition of the present work,
the glacier’'s seismic background noise should be subjetuttoe investigations. In North
America, seismic background noise as generated by oceaesweas been used in seismic
tomography studies (e. g. Shapiro et al., 2005) and grourttbmprediction via calculation
of Green’s Function responses from the ambient noise field)(ePrieto and Beroza, 2008).
Furthermore, Burtin et al. (2008) developed a method to eisesc noise as a means to monitor
hydrodynamic processes in a trans-Himalayan river.

Water flow on the glacier surface, within the glacier or abesl likely emits seismic noise that
can be analysed as in the above mentioned studies via sigeiiregy and cross-correlating.
That way, changes of water flow due to the diurnal melt cyclé te lake drainage could

83
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be identified and allow for insights into the location of di@je passages. For this purpose,
continuous data acquired in the summer 2007 is particulesdyul.

A large calving event occurred during the 2007 field seasonhé process, about one million
cubic meters of ice were lifted under buoyant forces. Thenéwas accompanied by a surge
of seismic events. The seismic record is several minutegadon consists of many sub-events.
Relative locations and fault mechanisms of the individuatks composing the seismic record
during the calving event will elucidate crack initiationcapropagation leading to the calving
event thus contributing to the results of previous seisrudiss of glacier calving (O’'Neel et
al., 2007 and O’Neel and Pfeffer, 2007).

In all these investigations it is important to determinegjicake or ambient noise source loca-
tions. So far this was done by calculating hypocenter locatirom hand-picked arrival times.
This is only possible if the events have impulsive p- andfarrs/al times. Seismograms of
distant icequakes or ambient noise lack such clear ar@ralscan therefore not be located with
this technique. However, such signals often share a highedegf coherence among stations
allowing for the application of seismic array techniquesde Rost and Thomas, 2002). The
advantage of array seismology is that the locating pro@dan be automated and no hand
picking is necessary. Preliminary results have shown thelt $echniques can be applied to the
seismic arrays on Gornergletscher in order to reliablyrdatee back-azimuths.

5.2 2007 Data Set

The main goal of the 2007 data was to detect basal icequakbsavdgontinuously recording
seismic array. As previous measurements had shown thagmiséisity of the trigger algorithm
changes due to fluctuations in seismic background noisetéWet al., 2008) continuous mea-
surements were needed to record basal icequakes even tiomasgpf high seismic background
noise.

The data analysis followed a procedure similar to that nediin Walter et al. (2008). We
applied a triggering algorithm to the continuous data sedxivact a set of icequake records
equivalent to the 2004, 2005 and 2006 records. Subsequantigveform discriminating al-
gorithm was applied to the triggered data set to identifypdeequakes. These events were
then located by hand-picking their arrival times. Once ssvadusters of deep icequakes were
found, a cross-correlation search over tbatinuougecord was used to find more members of
a given clusters in the continuous data set. As the crogglation is less sensitive to seismic
background noise, it finds events that had been missed byigigert algorithm.

Besides the basal events, the 2007 data set features amaénesting seismic record: On July
1 a large calving event{ 10° m?) occurred, during which the glacier tongue that terminated
the lake broke off via hydraulic jacking. This event was releal by all seismic instruments.
A detailed study of source locations and mechanisms widlrdfie unique opportunity to study
fracture processes during glacier calving.

5.2.1 2007 Seismic Array

Between May 25 and July 22, 2007, we installed 7 boreholersmiseters near the glacier
surface and one borehole seismometer at a depth of 122 m{@&mo&S-20DH and GS-11D)
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Figure 5.1: 2007 seismic array and event epicenters wilditime uncertainties. Green cross-
bars represent clustering basal events and red crosspegseat selected seismic events associ-
ated with the calving event on July 1 2007. At the larger dbtitiangle a borehole seismometer
(at 122 m depth) was installed below a surface seismomekter.blue line represents the lake
outline at the highest lake level in 2007. The cyan line oeti part of the ice tongue that
detached from the glacier in the process of the calving event

(Figure 5.1). The array was operational between May 25 alyl2Aand recording in continu-
ous mode at a sampling frequency of 1000Hz.

5.2.2 2007 Basal Icequakes: Results

Close to 500 basal events and about 30 intermediate evargdkan identified and located in
the summer of 2007. We have concentrated the analysis oasatibequake cluster (consisting
of over 300 events) near station J8 (Figure 5.1). Figurelto@ss the activity of this cluster. The
stacked histogram of source times (A) shows the same trextdvés previously observed in
the activity of basal icequakes on Gornergletscher (Waltai., 2008; Chapter 4). The seismic
activity is highest during the night and the early morningitsoand lowest during the (warm)
afternoon hours. The activity of the cluster does not appeegspond to the calving event or
the lake drainage (Figure 5.2B). An interesting observationcerning this basal cluster is that
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Figure 5.2: Activity of the basal cluster near J7 recorde@®@7. The diurnal activity as
represented by stacked source times (A) shows a low durm@fternoon hours, confirming
earlier results from measurements in 2004 and 2006. Theeclusas active for more than
a month (B). Black and white bars represent opening- andngetype sources, respectively.
During the last week of June, the activity of closing-typerms was remarkably high.

itis made up mainly of two distinct types of events. The fiygiet has impulsive P-arrivals (first
motion 'up’), which are compressive at all recording azihsutThis is a waveform characteristic
that had been observed in previously recorded basal iceguald is evidence of a tensile crack
opening. The waveforms of the second type are very simiaem@ that their first motions are
dilatational (‘down’) at all recording stations. Only alidhalf a dozen such events had been
observed previously in 2006. Such patterns of first motiggest a collapsing or closing crack
source.

Figure 5.3 shows the seismograms of two events belongiigtiodsal cluster beneath station J8
(Figure 5.1). Both were recorded at station J4. The hora@d@xes x and y have not been rotated
into the source-station coordinate system and do not qmrekto geographic directions. The
events lie eight days apart, but the orientation of the axélsa same for both events. Figure
5.3A most likely shows the seismogram of an opening craclatadl azimuths compressive
first motions were recorded. The waveforms in Figure 5.3Bherother hand, correspond to a
closing crack, with dilatational first motions at all staiso Note that the relative amplitudes of
P- and S-waves varies between events, which suggestsdiffiault plane orientations.

5.2.3 Basal Cluster 2007: Future Work

Moment tensor solutions for events of the basal cluster d&tbn&4 should be calculated for
a large number of events. This may show if systematic diffegs exist in the fault plane
orientations of opening and closing-type events. Furtloeemthe cluster activity should be
compared to records of basal water pressure, surface namborehole inclination. Does the
surge of closing-type events on June 27, 2007, correspoadotrticular motion or pressure
event?
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Figure 5.3: Seismograms of two events belonging to the 2@83allxluster beneath J8. Both
seismograms were recorded at station J4. Panel A shows amgggpe and panel B a closing-
type event. Note that differences in P- and S-amplitudesadxist, which hints towards differ-
ences in fault plane orientations.

5.2.4 2007 Calving Event

On July 1, 2007, a large calving event occurred on Gornergdgmut 10° m? of ice of the
glacier tongue were lifted by buoyancy and detached frongtheer (Figure 5.1). The tongue
underwent a rotational motion in the sense that the easi#gerssbmerged in the lake moved
upward by more than 9 m, while the western side attached tgl#oger initially remained fixed
to the glacier. Within minutes, the ice on the western sidéhefice tongue was not able to
support the upward motion and consequently failed alongregéhcrack’. The final vertical
displacements across this crack were as high as 3 m.

5.2.5 Seismicity During 2007 Calving Event

The calving event is clearly visible on the continuous s&smcord (Figure 5.4). All records

show a surge of seismic activity, about two minutes long.ti@&aG7J1, which was located

closest to the lake, shows an extended period of unintexdugtound vibration, often strong

enough to clip the signal (Figure 5.4A). Figure 5.4B showsiansually strong seismic event
that appears to mark the initiation of the calving event.sT8gismic event was located in the
basin of the lake (most southern red crossbars in Figure blayever, P- and S- arrivals are
difficult to identify, and may in fact have been picked in@mtly. Hence, the given location

may not be reliable. A number of strong events then follovee, of which is shown in Figure

5.4C (epicenter at center red crossbars, in Figure 5.1).

An interesting seismic event was found about five minutes o the main calving event. It is
shown in Figure 5.4D. Located near station G7J2 (most nortlesl crossbars in Figure 5.1) it
has first motions in the 'up’ direction only at stations G7d#l &7J2. At all other stations, the
polarities of first motions are opposite. This suggests acgomechanism other than a tensile
crack opening, such as a double-couple or a CLVD. The fornasr Ine evidence for a vertical
dip-slip fault suggested by the vertical displacementsgtbe hinge-crack.
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Figure 5.4: Seismic record of calving event on July 1, 200712 minute long record con-
taining the seismicity accompanying the detachment of ¢edangue from the glacier. Note
that station G7J1 shows the strongest ground motion as itlwasst to the calving front. B-D:
Seismograms of individual events contained in the recoosivalin panel A.
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Figure 5.5: Cross-correlation of two one-hour segmentsnfinuous data (1bit normalization
applied). The vertical component of ground velocity reeaf@t stations G7J5 and G7J6 was
used in the cross-correlation. Note that the zero lag igwdfit for the two cross-correlations,
hinting towards a change in noise source.

5.2.6 2007 Calving Event: Future Work

A first step would be to identify individual icequakes in th&issnic record during and just
prior to the calving event. These events can then be pickddaated if the signals permit
hand-picking of first arrivals. Furthermore, for similareews, high-precision relative locations
will likely indicate rupture geometry and fracture proptiga directions. For good azimuthal
coverage, the procedure by Deichmann and Garcia-Ferng@62) can be applied. If the
sources are well outside the seismic network, 'sourcefatezhniques (Rost and Thomas,
2002) can be applied to calculate relative locations. Syumesatly, moment tensor inversions
should be applied to selected events in order to study tleeofadhear and tensile failures.

5.2.7 Seismic Noise Cross-Correlation with 2007 ContinuaData

Preliminary results show 1-hour long segments are enouddring out correlation maxima
between different stations. Figure 5.5 shows the resuttssogorrelation using 1-hour segments
between 05:00 and 05:59 on July 9 (Figure 5.5, upper) anddset\@8:00 and 08:59 on July 10
(Figure 5.5, lower). The lake began to drain on July 7, whigans that both time series used
may have recorded seismic noise due to the propagation ef tvabugh sub- and intraglacial
channels. The cross-correlated time series are the ecboaponents of stations G7J5 and
G7J6. In order to minimize the effect of icequakes, 1bit raipation was applied to the time
series (Bensen et al., 2007). The lags at which the crogstations reach their maximum,
called 'zero-lag’, are different from zero in both plots. iFlndicates that the source of the
ambient noise is located in a preferred direction. Spedlicapositive zero lag shown in both
cross-correlations means that the noise source is closation G7J5 than to station G7J6.
This is consistent with a noise source located in the lake ib anargins.

The two cross-correlations are not identical and the zeyddathe cross-correlation of July 9
is larger than the zero lag on July 10. This means that theajlseismicity is not identical at
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Figure 5.6: 2D illustration of ambient noise cross-cotiela between two one-hour noise
records of stations G7J5 and G7J6. The cross-correlatemgln the component pairs zx, zy
and zz were plotted against each other and then rotated f@dhe of the main phase. This
corresponds to the ground motion response at station G@asdudical force impulse at station
G7J6. According to the elliptical shape shown in the figuings tesponse is dominated by a
Rayleigh wave.

both times. As the zero lags changes, one may speculatehthabtse source is located at a
different azimuths. If the noise is mostly due to lake drgmahannels, this change in azimuths
may indicate changes in water routing.

A powerful application of ambient noise cross-correlativthe possibility to extract Green’s
Function responses. Specifically, cross-correlating tbemponent time series at station G6J5
with the x-component time series at station G6J6 will giveexiground motion at station G6J6
due to a force impulse in the z-direction at station G6J5s&rrelating the component pairs
zx, zy and zz, we can therefore retrieve the ground motionaditos G6J6 in response to a
vertical force at station G6J5. Figure 5.6 shows the resdlitee main motion is planar, and
we rotated the ground motion about the z-axis such that toeepdf motion coincides with the
paper plane. This suggests that the ground motion due totigalorce impulse located at
station G6J5 is a Rayleigh wave.

5.2.8 Noise Correlation: Future Work

It should be further investigated how the azimuths of thers& sources change over time.
Thus it may be possible to monitor drainage channel locatadrthe lake outburst and of the
diurnal surface melt. The determination of azimuths candreedising array techniques (see
Section 5.3). Furthermore, phase velocities can be caémifeom Green’s Functions obtained
via cross-correlation. It should be investigated if nexReyleigh phases, P- and S-phases can
also be deduced. Such phase velocities can then be used ismacseomography, which is
particularly interesting in view of changes of water coniarthe glacier ice.

The quality of noise cross-correlation is reduced if digtiseismic signals from earthquakes
(or icequakes as in the present study) are present in thesenies. Due to the high frequency
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of event occurrence this may compromise the success of atniése studies on temperate
glaciers. In order to reduce the effect of distinct seisngaals in noise records, several pro-
cessing techniques have been developed and are documeBexdsen et al., 2007.

5.3 Array Techniques

The seismic networks installed on Gornergletscher in tmensers of 2004, 2005, 2006, and
2007 were located in areas where the drainage of Gornerseexpacted to have a substantial
impact on the glacier dynamics. In order to attain high-tyapicentral locations, a good
azimuthal coverage of the seismic sources of interest wsisade

'Array seismology’ (Rost and Thomas, 2002) is a terminologynmonly used for processing
techniques applied to seismic data from sources, whichatreenorded with a good azimuthal
coverage. Instead, the seismic source is located outsedarthy. As a consequence, locations
based on arrival-time inversions can be subject to largem@iaties. On the other hand, the
seismic signals arriving at the array are usually highlyszeht. If the source is far enough away
from the seismic array so that the seismic waves arrive ageplaves, the signal coherency
can be exploited to determine the back-azimuth to the efgcemd apparent slowness of the
seismic phases (e. g. Del Pezzo et al., 1997). If the soudess enough to the array so that
the wave fronts still have a substantial curvature, circulavefront-geometry can be used to
estimate a source-array distance (Almendros et al., 1999).

For planar and circular waves, back-azimuth and epiceldcalion can be found via 'beam-
forming’ (Rost and Thomas, 2002). For a given back-azimuttest location the theoretical
arrival time delays between stations are calculated usisygeaific horizontal slowness. The
individual traces are then shifted according to these tiglayd and stacked. At the correct
back-azimuth or location this 'beam’ is amplified to a maximulnstead of stacking, cross-
correlations between stations can be used, too. The heaizelowness of the dominant wave
phase can be determined by a grid search over this parameter.

5.3.1 Array Techniques: Future Work

Roux (2008) applied the beam-forming technique to the 2@®&hsc data set using the circular-
wavefront-geometry to find epicentral locations of neafase icequakes. Figure 5.7 shows the
result for a near-surface event which occurred near statdbofsee Figure 4.2 for the 2004 seis-
mic array). This region of the glacier is of particular irgst, as the surface crevasses frequently
emit seismic energy. The white cross bars indicate the epaldocation determined by the
beam-forming techniques. Within these error bars the RMtB®beam is at least 90 % of its
maximum. The white dot gives the location determined byritiwg hand-picked arrival times.
As the event is located inside the eastern part of the seisetveork, only the western stations
were used ('B’ stations). The vertical component veloci®yssmograms show a dominating
Rayleigh wave.

The location determined by the beam-forming techniqueesgyveell with the location calcu-

lated by arrival time inversion. This shows that array teghaes can be used to determine
approximate icequake locations. As the data sets of allsyeamnsist of between 30000 and
100000 events, array techniques are a useful tool to sodataéogs by approximate icequake
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Vertical Component Velocity Seismograms
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Figure 5.7: Epicentral location of a near-surface evenbaad by maximizing the RMS value
of the beam (white cross bars). This method was developedly R2008). Seismic stations
are represented by triangles. The location calculated tyahtime inversion lies within the
error bars of the beam-forming location. The vertical seigrams used in the beam-forming
are dominated by the Rayleigh phase (right panel).
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locations. As discussed in Section 5.2.7, the ambient fikisly is located at particular back
azimuths. Hence, array-techniques could also be useddyg 8te temporal and spatial evolu-
tion of noise sources, such as lake drainage channels.






Chapter 6

Conclusion

Seismic signals emitted by large bodies of ice have prelydosen studied in a variety of
glaciological and seismological contexts. In the presemrkwl investigated seismic radiation
emitted from small fractures within the glacier ice. Thagees of seismic events are commonly
referred to as ’icequakes’. Two aspects of glacier seigynwere the focus of this thesis: 1)
characterization of seismic sources in glacier ice andinR)rig basal icequake activity to the
subglacial hydrological conditions. The latter was of jgaitar interest in the context of the
annual drainage of the glacier-dammed lake Gornersee.

The seismic moment tensor was used to characterize seleetpahke sources. | studied events
that occurred near the surface, near the glacier bed andestmiediate depths. Due to the
high degree of homogeneity of the glacier ice | was able toehtue path using relatively

simple Green'’s Functions. For the moment tensor inversibngar-surface and intermediate-
depth events | generated Green’s Functions for a homogseradiuspace. For basal icequakes
| furthermore used Green’s Functions of a velocity modelststing of ice and underlying

bedrock. The topography of the ice-bedrock interface wésraened by radio-echo soundings.

| found two possible fracture modes: tensile and shearchsions. Tensile faulting is consistent
with the high density of surface crevasses within the stitdy estimate that this fracture mode
is responsible for more than 99 % of all events | recorded om&gletscher. The seismograms
of intermediate icequakes can also be modelled with moneeisotr's representing this fracture
mode. As these events were located at depths where the écbtmden pressure is expected
to inhibit tensile faulting, | concluded that the intermag-depth icequakes are evidence for
englacial water lenses or water flow reducing the effectness. The events of a selected cluster
of basal icequakes also had tensile fault mechanisms. &istris of pivotal importance, as it
shows that these seismic signals are not produced by dickistion but are the consequence
of basal crevasse or hair fissure openings. Since the tdaslteplanes of these sources were
found to be near-horizontal, | cannot explain them by lamdjital stretching of the basal ice. |
suggest that these events occur as the consequence of ithelcsoire of draining water-filled
cavities at the glacier base. These results indicate thatginout the glacier thickness, tensile
faulting is the main fracturing mode. Additionally, | fouradcluster of near-surface events
whose sources are shear dislocations. Although only a da&srts with shear-faulting sources
have been identified, this is an important result, as it shinasice can also fail under shear
straining.

In my study of fault mechanisms of basal icequakes | seleatexicluster with particularly
simple waveforms. Whereas there are more clusters withaisignal characteristics, a large
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number of basal icequakes with substantially differentefaxms were also found. Some show
less impulsive first arrivals, others are characterizedomg Icoda. The latter feature may in-
dicate the presence of seismic waves trapped near the mhede water resonances or finite
source properties. For such events, the seismic momermrteresy not be an adequate source
representation. Another class of basal icequakes shoatstilinal first arrivals at all recording
azimuths indicating a collapsing crack as a source meamariife variety of signal character-
istics points out the need for more source studies of basqliekes.

Concerning the link between glacial seismicity and the orgbfloods of Gornersee | focused
on temporal fluctuations in basal icequake activity. This ta@ main reasons: First, | expected
the outburst flood to influence the basal seismicity. Wherfltoel water is routed through the
subglacial drainage system, the increasing basal watssymeleads to enhanced basal motion.
The activity of basal icequake clusters does indeed caergldh basal water pressures as they
tend to occur at low or decreasing water pressures. Thisestgthat these seismic signals are
emitted during fracturing of the basal ice layer, which wgdes large deformation rates when
the glacier couples to its bed after periods of water pressnhanced sliding. As an alternative
explanation | further suggest that basal icequakes are seqoence of drastic ice deformation
above closing water-filled cavities. The second reason@istudy of basal icequakes is their
tendency to cluster in distinct locations. This contrilsui® high signal correlations among the
events of a single cluster, which was used in cross-coielaearches of the seismic catalog to
find more cluster events. As such cross-correlation searateerobust with respect to seismic
background noise, which increases during the warm houtseaday, | was able to identify and
locate basal icequakes which had been missed by triggerithligns or signal discriminators.

| therefore established a link between fracture procesgbsmsornergletscher and the outburst
floods of Gornersee. Somewhat contrary to my expectatidosind that the lake drainage in-
hibits basal seismicity rather than favoring it. On the otiend, | did not find evidence for hy-
drofracturing, the process by which material fracturingurs because pressurized water within
the glacier reduces the effective pressure to allow for #tersion of tensile cracks. This can
occur even at depths where in the absence of water the coshaéydrostatic pressure within
the ice is high enough to suppress tensile fractures. Icstilkider it likely that hydrofractures
occur during the englacial and subglacial routing of thgdaamounts of flood water or during
calving events. The presence of tensile seismic sourcateairiediate depths is a strong indica-
tor for hydrofracturing. However, in view of the basal icafe activity, the results indicate that
fracturing as a consequence of changes in glacier sliding eftectively emits seismic energy
than hydrofracturing. In general, | certainly acknowledigat seismic evidence of hydrofrac-
turing may have been recorded during the seismic field cagnpaiHowever, the signals may
not have triggered the detection algorithms, either bex#usy lacked impulsive first arrivals
or because they were too weak. Another possibility is alabghbstantial hydrofracturing may
occur at the onset of the lake drainage, when the surfacaisgiigincreases, too, thus masking
other types of seismic signals. In conclusion, | state thhoagh | could link the basal seismic
activity to the lake drainage, | did not identify a burst ofsseicity that could be associated
with the breaching of a seal initiating the lake drainage. evéhs | could infer some inter-
esting insights into fracture processes at the surfacéjmibhe glacier and near the bed from
passive seismic records, more such research efforts aessay to develop an acquisition and
processing technique of the seismic data to allow for ary eeaitning system for outbursts of
glacier-dammed lakes.



Appendix A

Decomposition of Tensile Crack Moment
Tensor

The moment density tensor of a tensile opening in the z-plangck’ moment density tensor)
m<ack js given by
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0 , (A.1)
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where D, is the fault normal slip and andy are the Lamé moduli (Aki and Richards, 2002, p.
51). To get the moment tensor M., the expression in Equation A.1 has to be multiplied by
the fault area S. Thus, using= \/(2(A + 1)), wherev is the Poisson’s ratio, we obtain

10 0
Mcrack — Mé:rack 0 1 0 ’ (AZ)
00 (-1

whereM§ak = \SD, . An important implication of Equation A.2 is that the Poissratio of
the material surrounding the source determines the relatiengths of the components of the
diagonalized moment tensor, namely 1 : 1 — 1. This is not the case for double-couple or
explosion sources, for instanck/*"** can be decomposed as follows:

10 0 1
0 1 0 = 1(l +1) (0

00 L-1| 37 0
Equation A.3 shows that the moment tensor of a tensile cnadgke z-direction is a linear
combination of an isotropic moment tensor and a CLVD thaitsasajor axis in the z-direction.
The relative strength of the two depends on the Poissonés oéthe material surrounding the
source. Fow = 0.36, the value used in this study, the isotropic component i®atrh times
bigger than the CLVD.

O = O

0 1
0l +=(==2)|0 =10 (A.3)
1 14
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Appendix B

Results of Moment Tensor Inversion of
Chapter 2
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Table B.1: Summary of moment tensor solutions for all inkers presented in Chapter 2. For
each event the first, second and third lines correspond ttutheeviatoric and the crack+DC
inversions, respectively. Moment tensors are giverDfilNm.

[ Event | My, | My, | M., | My, | My, | M. | My |
SURF_A1| 287 | 393 ] 240 | -0.75] 015 -0.72 | 455
6.62 | 1.84 | -251 | -0.78 | 0.07 | -0.77 | 2.34
236 | 347 | 1.76 | -0.83 | 1.46 | -0.70 | 4.12
SURF_A2| 095 | 1.32 | 1.10 | -0.16 | -0.06 | 0.12 | 1.43
0.14 | 0.56 | -0.69 | -0.17 | -0.09 | 0.09 | 0.63
073 | 111 | 071 | -0.16 | -0.05| 0.15 | 1.22
SURF_A3| 373 | 499 | 453 | -0.62 | -0.27 | 0.41 | 5.49
0.56 | 1.99 | -2.54 | -0.66 | -0.38 | 0.34 | 2.29
272 | 401 | 257 | -0.66 | -0.19 | 0.45 | 4.41
SURF_A4| 1.28 | 1.82 | 1.50 | -0.23 | -0.24 | 0.14 | 2.00
0.18 | 0.77 | -0.95 | -0.24 | -0.28 | 0.12 | 0.88
0.90 | 1.48 | 091 | -0.24 | -0.15| 0.24 | 1.67
SURF_AS5| 2.98 | 405 | 3.69 | -0.54 | -0.25 | -0.08 | 4.27
041 | 1.62 | -2.03 | -057 | -0.34 | -0.14 | 1.84
1.99 | 311 | 1.80 | -0.59 | -0.07 | 0.05 | 3.37
SURF_B1| 149 | -524| -1.26 | -1.47 | -1.67| 6.41 | 2.61
266 | -4.10| 1.44 | -1.45| -1.64 | 0.66 | 4.10
209 | -4.14| 025 | -1.44 | -1.38| 052 | 3.14
SURF_B2| 126 | -4.07| -0.75 | -1.22 | -1.17 | 1.03 | 2.18
209 | -326| 117 | -1.21 | -1.14| 1.05 | 3.25
142 | -3.46| -0.36 | -1.18 | -0.83 | 0.96 | 2.13
SURF_B3| 0.12 | -0.74| -0.28 | -0.36 | -0.18 | 0.16 | 0.34
0.33 | -054| 021 | -0.36 | -0.18 | 0.17 | 0.59
0.16 | -0.64 | -0.12 | -0.35 | -0.11| 0.15 | 0.34
SURF_B4| 081 | -4.02| -097 | -1.62 | -1.58 | 1.31 | 2.40
1.78 | -3.07| 1.29 | -1.60 | -1.56 | 1.33 | 3.74
123 | -329| 2.61 | -1.54 | -1.13| 1.28 | 2.64
SURF_B5| 0.41 | -371| -1.32 | -1.28 | -1.12| 0.69 | 1.38
1.49 | -2.66| 1.18 | -1.26 | -1.09 | 0.70 | 2.80
041 | -3.71| -1.32 | -1.28 | -1.12| 0.69 | 1.38
INTT | 0.654 | 0.740| 0.599 | -0.103| 0.037 | -0.064| 0.832
-0.012| 0.082| -0.070| -0.110| 0.021| -0.071| 0.173
0.402 | 0.517| 0.400 | -0.097| 0.054 | -0.095 | 0.625
INT2 | 0.781| 0.839| 0.689 | -0.130| 0.069| -0.080 | 0.982
-0.009 | 0.078 | -0.087| -0.136 | 0.049| -0.088 | 0.216
0.565 | 0.675| 0.500 | -0.153| 0.067 | -0.095 | 0.824
INT3 | 0.641 | 0.638| 0.544 | -0.154| 0.076 | -0.087| 0.839
0.032 | 0.036| -0.068| -0.158| 0.060 | -0.094 | 0.232
0.588 | 0.600| 0.492 | -0.152| 0.085| -0.089 | 0.796




Appendix C

Moment Tensor Inversion Scheme Using
Vector Dipoles

This appendix presents some details of how Equation 3.2mstormed into a discrete numeri-
cal inversion scheme. For variable definitions, the reaslesferred to Chapter 3.4.1. A seismic
source represented by a moment tensor with elemeftsinduces the following ground dis-
placementu, (x, t) at pointx and timet:

Un(x,t) = Mpo(t) * Gop o(x,1). (C.1)
Using the manipulations described in Chapter 3.4.1, weimbta

Un<X, t) = Gni(x7 t) X Mi- (C2)

Here, the time dependence of the seismic moment tehgQft) was moved to the terms
Ghi(x, t), which are consequently the convolution of the originalébre Functionss,,;, (x, t)
and the source time function. The indecesg@f) of M, (t) were mapped into the inde»of

M; as follows:

(p.q)=(1,1) —»i=1
Ep,qugmgez’:z
,q)=1(1,3) = i1=3
(g,g)=(2,2)—>¢:4 (C.3)
(p,q)=(2,3) —»i=5
(p,q)=(3,3) > i=6

We call the termg7,;(x, t) 'Green’s Functions’. They constitute the seismic respsmsaec-
tor dipoles. In the present work they were computed with tifernsre packages FKRPROG
(Saikia, 1994), reflectivity (Mtller, 1985) and fd3d (Olsd®94). Equation C.2 holds for each
sample in a seismogram. If the seismogram consistsddta points, we can write Equation
C.2 in matrix form as
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17 xx,1 xy,1 xz,1 yy,1 yz,1 27,17

Uy gx x 9% X X 9«
2 XX,2 Xy,2 X%,2 Vy,2 vz,2 77,2

Uy gx x gx X X gx
k xx,k xy,k X7, k yvy,k yz,k 77, k

Uy 9 X 9% X X i~
1 1 1 1 1 1 | e

XX, Xy, Xz, vy, vz, 2z,
u%, % 2 9y 2 I, 2 v % 2 9, of My
XX, Xy, Xz vy, vz, 7z
Uyl gy 9y gy 9y 9y gy My (C.4)
. : . . . . My

k xx,k xy,k xz,k s 7,k 77,k

Uy gy 95" gy gyy gy gy My
1 xx,1 xy,1 xz,1 ,1 z,1 77,1

Uy 9 9 90 9 G 9,
2 XX,2 Xy,2 X7,2 Vy,2 vz,2 77,2

U, gz z gz z z gz
k xx,k xy,k X7, k yvy,k yz,k 77, k

| Uy 1 972 z 9z z z 9,7 ]

For the data seismogram, as well as for the Green’s Functiop®/, the index; labels the
sample and the index denotes the component. At each sample the columns of théxmatr
on the right hand side of Equation C.4 contain one of the sigusvector dipole responses.
Specifically,g?% is then''-component synthetic ground displacement in response tnaant
tensor whosép, ¢)-element is unity, whereas all other elements are zero. Aswtveforms
that are used in moment tensor inversions usually consisd@fsamples or more, the system
of equations shown in Equation C.4 is generally well ovexdatned.



Appendix D

Overview of Seismic Measurements

D.1 Seismic Networks

Table D.1: Operational periods of the 2004, 2005, 2006 afd 2@ismometer networks.

Year Time of Installation
Deployment and Supervision
2004 | June 15-July 8 N. Deichmann

2005| June 7 - July 7 | N. Deichmann, F. Walter
2006 | May 29 - July 28| N. Deichmann, F. Walter
2007 | May 28 - July 22 F. Walter

This appendix provides an overview of the seismic field cagnsmon Gornergletscher in the
summers 2004, 2005, 2006 and 2007. The networks consistedeattip usually applied to ac-
tive seismology: The seismometers were connected to onertthree seismographs (‘Geodes’
by Geometrics), one of which, the 'master Geode’, was camadeo a recording laptop. Syn-
chronization was provided by the Geodes, whereas absotenas given by the laptop clock.
Most instruments were Lennartz LE-3D seismometers, wheteylaced on the glacier surface
and had to be aligned every day. We also installed borehdmseneters (Geospace GS-11D
and Geospace GS-20D). Only for the 2005 data have we maddaantefalign these instru-
ments retrospectively applying coordinate rotations &fhtbrizontal components.

The seismometer locations were measured with GPS at leastduring a field season. In
Figures D.1, D.2, D.3 and D.4 the seismometer locationsalieated by green triangles on top
of ortho-photographs. At locations of large dotted triasgh surface seismometer and a deep
borehole seismometer were installed. The blue line repteshe outline of Gornersee at its
maximum level in the corresponding year. Exact locatiortstgpes of seismometers are listed
in Tables E.1 and E.2. The seismic network of 2005 was irstalbout 1 km downglacier of
the networks of 2004, 2006 and 2007, which were located neeamndssee.

The operational periods were chosen around the lake dresragd are listed in Table D.1. In
2004, the seismic measurements were terminated once thédakemptied. In 2005 the lake
drained unexpectedly early. The seismic installation wasfinished, but other glaciological
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measurement had not been set up. Seismic records for ardegtéme period after the lake
drainage are also available for 2006 and 2007.

2004 Network

In 2004 the network consisted of 13 surface (Lennartz LE-8DJ 1 borehole seismometer
(Geospace GS-20D), which were operational for 3-4 weekdgggdr mode. In addition, con-
tinuous recording was made with one seismometer and a Taarsiiograph. In order to de-
termine seismic velocities, shallow as well as boreholdsstuere recorded at a number of
locations. The lake outburst started on July 2 and was ratiastic involving surface drainage,
subglacial drainage as well as ice dam flotation (Huss, 2BSs et al., 2007; Sugiyama et
al.,2007; Sugiyama et al., 2008).

2005 Network

In 2005 the network consisted of 13 surface (Lennartz LE;&3hallow borehole seismome-
ters (Geospace GS-11D) and 3 deep borehole seismometasp@ee GS-20D), which were
operational for about 1 month in trigger mode. The lake sthatd drain subglacially on June 9
when it was only half filled (Huss et al., 2007; Werder et &002a) at the beginning of the field
campaign. Hence, most seismic recording was done afteakieedrainage. The 2005 network
was placed into a region of high surface seismicity as had pesviously identified in the 2004
data. In order to determine seismic velocities, shallow el as borehole shots where recorded
at a number of locations. The results showed a slow seisnicitae layer near the surface.
This was investigated and documented in a Semesterarb¥élegtin Gischig in 2005.

2006 Network

The seismic network of 2006 was the largest one consistingSosurface (Lennartz LE-
3D), 6 shallow borehole seismometers (Geospace GS-11D3 dedp borehole seismometers
(Geospace GS-20D), which were operational for about 2 mionthigger mode. In addition
to the passive seismic monitoring, a comprehensive aatigasc investigation was conducted
(Gischig, 2007): An arrival time-based seismic tomogragtiogly was performed based on sur-
face as well as borehole profiles. Furthermore, we set otbsiyes in the moulin that the lake
drained into to determine the passage of the lake water asetsinto the subglacial drainage
system. In 2006 the lake drained rather slowly over the @ofsseveral weeks, because it
overflowed superficially into a moulin (Chapter 4.2). The rdlesv began on July 5 (Werder
and Funk, 2009b).

2007 Network

The seismic network of 2007 was the smallest one consisfigballow borehole seismome-
ters (Geospace GS-11D and Geospace GS-20D) and 1 deep lbaseissmometer (Geospace
GS-20D), which were operational for close to 2 months. Tls¢riments were run in contin-
uous mode with the goal to confirm or disprove the findings ef2004 and 2006 networks
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concerning the activity of basal icequake clusters. Thiuither explained in Chapter 5.2.
Starting on July 4 the lake first drained into a borehole andalmvia the glacier surface. On
July 8 the intraglacial and/or subglacial drainage begaer@&f et al., 2009a).
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D.2 Seismic Data

Table D.2: Approximate data volume.

Year Number of | Bytes per| Bytes Record
files file total length
2004 35000 165KB 5.8GB 2.0sec
2005 72000 200KB 14.4GB 1.5sec
2006 52000 2000KB | 104.0GB| 1.5-2.0sec
2007 (trig) 103000 87KB 89.6 GB 2.0sec
2007 (cont)| 607000 954KB | 579.1GB| 10.0sec

An overview of the seismic data volume is given in Table D.Be Taw data format as written
during recording with the Geodes is called 'seg’. This dases wsually converted into gse2
format (Appendix F), which was then used in the data analyisighe years 2004, 2005 and
2006 the instruments recorded in trigger mode, whereas 07 20ey recorded continuously
(Chapter 5.2). As part of the analysis, the continuous da007 was post-triggered. The
algorithm of this post-trigger and the trigger algorithmtioe 2004-2006 data are both based on
an STA/LTA method. However, unlike for the 2004-2006 dale, 2007 data does not simply
compute the ratio of the STA and LTA windows. For more spedifformation on the post
triggering see the source code of N. Deichmann’s FORTRAN=h2marstrig. Table D.3
summarizes the recording specifications of all years. Betdithe STA/LTA trigger algorithm
applied to the 2004-2006 data as well as definitions of thekas listed in Table D.3 can be
found in Chapter 4.3.

As this thesis was focused on deep seismic events, only d poréibn of the recorded seis-
mograms has been analyzed. In 2004 and 2006 we searcheddrsetfor basal icequakes in
some detail. For the 2004 data, we have also applied arrayitpees to automatically locate
surface events (Chapter 5.3). This is an ongoing effort. ddta in 2005 has been scrutinized
the least. The waveform discriminator identified a numbetedp icequakes, however none of
them were located at the glacier base. It is not clear if haeglakes in the region of the 2005
array do not exist or if the glacier is too thick at that looatito allow for recording of basal
seismicity at the glacier surface. As the 2005 network waatkxd in a region of high surface
seismicity, the 2005 data may prove valuable when analymg®y-surface icequake sources
further.
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Table D.3: Recording specifications and parameters of tAdLIA trigger. In 2007 the data

was recorded continuously and then post triggered usingtbgram seg2marstrig with the
command line options: 'seg2marstrig fl:filist st:80 1t:8004eup:8 po:1’. This algorithm is

different from the one used in 2004, 2005 and 2006.

| [ 2004 | 2005 | 2006 | 2007 |

Sampling | 1000Hz| 1000Hz| 4000 Hz| 1000 Hz
Frequency
threshold 10 20 20 4
ratio
Nirig 4 10 10 7
trec 2s 15s 1s 2s
tpre 0.5s 0.5s | 0.4-0.5s| 0.5s
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Figure D.1: 2004 seismic network.



108 APPENDIX D. OVERVIEW OF SEISMIC MEASUREMENTS

91,000 Local northing (m) 91,300

627,000 Local easting (m) 627,500

Figure D.2: 2005 seismic network.
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Figure D.3: 2006 seismic network.
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Figure D.4: 2007 seismic network.
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Instrumentation
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Figure E.5: Upper: Lennartz LE-3D seismometer installetherglacier ice. These instruments
were placed on tripods into small depressions dug with gpicke They were subsequently
covered by atarpaulin. This reduced in the ablation aronedg¢ismometer and over the course
of a few weeks the instruments were located on bumps as caeelpeirs the picture. Lower:
Plastic box that contained the recording devices, inclyitie master Geode located under the
laptop.
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E.1 Specification of Selected Components

e Gel Solar batteries, 12V, 65Ah capacity, used in 2004, 20@52007

e DC/DC converter (12V to 15V) for Laptop (LIND Automobile Ageer Model # CF-
LND8O0S LG)

e DC/DC converter (12V to 5V) for external hard disk
e External hard disks

— 2004,2005: Icy Box
— 2006: SPD5210CC by Philips (80 GB)
— 2007: Elements (500 GB)

e Seismograph: Geode Ultra-Light Exploration SeismogrdgyhGeometrics)
e Solar Panels: 110W Siemens SM110
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E.2 Seismometer Specification

Table E.1: Seismometer specifications for 2004 (Figure Bnt) 2005 (Figure D.2) networks.
Swiss Grid coordinates are given.

[ ID | Year [ Make | Easting | Northing | Elevation |

G4Al | 2004 | Lennartz LE-3D | 628392.3| 90954.9 | 2537.6
G4A2 | 2004 | Lennartz LE-3D | 628403.8| 90790.0 | 2538.3
G4A3 | 2004 | Lennartz LE-3D 628326.4| 90750.3 | 2545.3
G4A4 | 2004 | Lennartz LE-3D | 628260.0| 90775.2 | 2547.3
GA4A5 | 2004 | Lennartz LE-3D | 628275.2| 90883.9 | 2539.2
G4A6 | 2004 | Lennartz LE-3D | 628319.3| 90863.4 | 2540.2
G4A7 | 2004 | Geospace GS-20ID 628314.2| 90867.3 | 2439.3
G4B1 | 2004 | Lennartz LE-3D | 628119.5| 90990.1 | 2541.7
G4B2 | 2004 | Lennartz LE-3D | 628012.0| 91001.3 | 2542.4
G4B3 | 2004 | Lennartz LE-3D 628015.7| 90888.6 | 2547.9
G4B4 | 2004 | Lennartz LE-3D | 628045.5| 90809.7 | 2550.9
G4B5 | 2004 | Lennartz LE-3D | 628132.1| 90847.9 | 2547.3
G4B6 | 2004 | Lennartz LE-3D 628190.7| 90910.6 | 2539.1
G4B7 | 2004 | Lennartz LE-3D | 628090.6| 90934.7 | 2543.7
G5C1 | 2005 | Geospace GS-20ID 627075.7| 91063.8 | 2377.6
G5C2 | 2005 | Geospace GS-11ID 627028.7| 91162.2 | 2507.8
G5C3 | 2005 | Geospace GS-11ID 627195.9| 91046.8 | 2514.1
G5C4 | 2005 | Lennartz LE-3D | 627088.7| 91247.1 | 2515.8
G5C5 | 2005 | Lennartz LE-3D 627168.6| 91115.7 | 2513.7
G5C6 | 2005 | Lennartz LE-3D | 627115.0| 90976.9 | 2512.6
G5C7 | 2005 | Lennartz LE-3D | 627085.2| 91066.7 | 2519.1
G5C8 | 2005 | Lennartz LE-3D | 626990.3| 91021.2 | 2503.1
G5D1 | 2005 | Geospace GS-20ID 627295.7| 91041.2 | 2245.4
G5D2 | 2005 | Geospace GS-11D 627180.8| 90965.1 | 2509.2
G5D3 | 2005 | Geospace GS-11ID 627355.3| 90958.1 | 2521.5
G5D4 | 2005 | Lennartz LE-3D | 627271.5| 90906.1 | 2519.2
G5D5 | 2005 | Lennartz LE-3D | 627251.9| 91121.9 | 2519.9
G5D6 | 2005 | Lennartz LE-3D | 627395.2| 91066.7 | 2526.4
G5D7 | 2005 | Lennartz LE-3D 627308.1| 91039.6 | 2526.0
G5E1 | 2005 | Geospace GS-20ID 627365.4| 91265.2 | 2482.6
G5E2 | 2005 | Geospace GS-11ID 627257.3| 91205.7 | 2515.3
G5E3 | 2005 | Geospace GS-11ID 627459.8| 91198.8 | 2521.8
G5E4 | 2005 | Lennartz LE-3D | 627363.1| 91173.2 | 2524.9
G5E5 | 2005 | Lennartz LE-3D | 627283.7| 91335.2 | 2516.7
Gb5E6 | 2005 | Lennartz LE-3D | 627445.8| 91320.3 | 2520.1
G5E7 | 2005 | Lennartz LE-3D | 627362.8| 91275.2 | 2523.2
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Table E.2: Seismometer specifications for 2006 (Figure Bn8) 2007 (Figure D.4) networks.
Swiss Grid coordinates are given.

| ID Year | Make | Easting | Northing | Elevation]

G6F1 | 2006 | Geospace GS-11ID 628422.2| 90929.8 | 2525.2
G6F2 | 2006 | Geospace LE-3D | 628426.9| 90817.0 | 2530.4
G6F3 | 2006 | Geospace GS-11D 628353.5| 90751.8 | 2534.9
G6F4 | 2006 | Lennartz LE-3D | 628340.7| 90815.8 | 2535.6
G6F5 | 2006 | Lennartz LE-3D | 628294.9| 90901.4 | 2531.2
G6F6 | 2006 | Lennartz LE-3D | 628340.1| 90867.7 | 2533.7
G6F7 | 2006 | Lennartz GS-20D | 628338.5| 90861.1 | 2492.2
G6F8 | 2006 | Lennartz LE-3D | 628325.4| 90993.9 | 2532.9
G6G1 | 2006 | Geospace LE-3D | 628146.1| 91026.3 | 2546.0
G6G2 | 2006 | Geospace LE-3D | 628033.5| 90992.8 | 2536.7
G6G3 | 2006 | Geospace GS-11ID 628035.5| 90915.6 | 2538.0
G6G4 | 2006 | Lennartz LE-3D | 628109.2| 90911.1 | 2539.3
G6G5 | 2006 | Lennartz GS-11D| 628201.3| 90838.6 | 2534.5
G6G6 | 2006 | Lennartz LE-3D 628211.6| 90915.4 | 2533.6
G6G7 | 2006 | Lennartz GS-20D| 628129.5| 90958.9 | 2389.1
G6G8 | 2006 | Lennartz LE-3D | 628124.9| 90955.5 | 2533.7
G6H1 | 2006 | Geospace GS-11ID 628095.7| 90835.0 | 2540.9
G6H2 | 2006 | Geospace LE-3D | 628008.1| 90783.7 | 2549.5
G6H3 | 2006 | Geospace LE-3D | 627991.7| 90675.0 | 2550.8
G6H4 | 2006 | Lennartz LE-3D | 628079.1| 90668.4 | 2553.8
G6H5 | 2006 | Lennartz GS-11D| 628176.2| 90627.6 | 2548.2
G6H6 | 2006 | Lennartz LE-3D | 628203.9| 90764.0 | 2544.7
G6H7 | 2006 | Lennartz GS-20D| 628079.2| 90722.7 | 2301.2
G6H8 | 2006 | Lennartz LE-3D | 628076.0| 90716.1 | 2552.1
G7J1 | 2007 | Geospace GS-11ID 628391.4| 90946.7 | 2527.9
G7J2 | 2007 | Geospace GS-11ID 628302.2| 90857.1 | 2527.4
G7J3 | 2007 | Geospace GS-20D 628189.4| 90896.0 | 2529.5
G7J4 | 2007 | Lennartz GS-11D| 628065.3| 90976.6 | 2528.8
G7J5 | 2007 | Lennartz LE-11D | 628119.7| 91057.0 | 2539.7
G7J6 | 2007 | Lennartz LE-11D | 628272.1| 91052.8 | 2543.9
G7J7 | 2007 | Lennartz GS-20D| 628197.0| 90977.7 | 2412.5
G7J8 | 2007 | Lennartz GS-11D| 628204.1| 90979.0 | 2533.3




Appendix F

Description of Software

In this appendix we list and briefly explain the some of thévgaffe packages and Matlab scripts
that were used or developed in the course of the present work.

F.1 Data Processing

e seg2gsedy N. Deichmann. This FORTRAN program was used to convertdhetrig-
gered data (seg) into gse2 format. For the 2007 continuotas thee trigger program
seg2marstrig and the cross-correlation search seg2xaer directly applied to the raw
seg data.

e gse2matrix by N. Deichmann. This FORTRAN program can be used to consa2g
data into ascii format, which can then be easily loaded in&l&b.

e seg2marstrigby N. Deichmann. This FORTRAN program was used to triggerlihe
continuous data from 2007. It is applied to the raw seg data.dutput is then processed
by the Matlab script analyse_triggers.m, whose outputes lny the FORTRAN program
seg2gse?2 to produce the triggered data set. In order to hentigjger conditions, the
Matlab script mars88trig.m is helpful.

e Seismic Analysis Code (SAChy the University of California. This package is used by
the moment tensor inversion packages for data processaigasLfiltering, interpolating
and integrating time series. Besides its own format SAC ead other formats such as
gse and ascii data. However, saving data from SAC in a forthatr éhan its own is very
difficult according to my experience. | usually called SAGHT PERL or shell scripts
to automate processing. Straightforward Matlab routinegéad and write SAC data are
available.

e gorsignalsby N. Deichmann. This FORTRAN program can be used to find mamm
values in a seismogram. Together with the Matlab script pikgs.m it was used to
identify so-called 'spikes’ in the data set. Spikes are tedeic impulses that falsely
trigger recording.
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F.2

F.3

Location and Waveform Discrimination

gorlocby N. Deichmann. This FORTRAN program locates icequakesamé&gletscher
using hand-picked P and S arrival times. For a descriptierCiepter 4.

gse2xcorby N. Deichmann. This FORTRAN program performs the crogsetation
search described in Chapter 4 using gse2 data.

seg2xcorby N. Deichmann. This FORTRAN program performs an equivateass-
correlation search to the one described in Chapter 4 usmdaa.

filteralg.m by F. Walter. This very simply but effective Matlab scripasehes a gse2 data
set for events whose dominating phase is most likely a P orwav@. It looks for the
dominant phase in a seismogram and counts how many sampkesupdhis phase. As
surface events are dominated by low frequent Rayleigh wakieprogram can sort this
type of events out and can thus indicate deep icequakes.

Waveform Modelling

reflectivity by T. Forbriger. This FORTRAN and C package was used to maglst s
mograms at glacier dimensions. It played an important roleéhie verification of

the frequency-distance scaling originally used in the muntensor inversion (Chap-
ter 2). However, | ended up using the FKRPROG software by dkigtogether with

putmt_minson more frequently to model seismograms.

tdmt_inv by D. Dreger. This software package was used in the momesotémversions
using scaled 1D Green’s Functions as described in Chapig@v@versions are available.
The first one can only be used to calculate deviatoric monesisors, whereas the second
one can be applied to deviatoric as well as full moment tenaith an isotropic compo-
nent. In order to process the data prior to the inversiorp#itkage makes use of the SAC
and the helm format, the latter being an ascii-based foreatldped at Caltech, | believe.
| wrote a Matlab routine, called read_helm.m, which can te@&lformat. SAC has to be
used to convert the gse2 icequake data into SAC format. §ubsdy, the PERL script
prepdata.pl writes the necessary entries into the SAC headkfilters, integrates and
interpolates the time series. It also performs the frequand distance scaling. Green'’s
Functions used by the inversion are calculated with thenarag-KRPROG by C. Saikia,
which is also part of this package. The actual moment temsersion is performed with
the programs tdmt_invc (deviatoric) and tdmtiso_invcl{fukhich are also part of this
package. These inversion schemes use the fundamentaldaullism as described in
Chapter 2. Note that the plotting of the output of the momensor inversions by D.
Dreger and S. Minson requires conversion to postscripgus$ia program psigl.

grid_cdc by D. Dreger and S. Minson. This software package performgdasgarch
moment tensor inversion constraining the solution to bsitewrrack plus double-couple
(Chapter 2). The Green'’s Functions of the tdmt_inv inversiee used. | slightly changed
it to allow for variable Poisson’s ratios, which can be sfiediin the input file. In order
to plot the waveform fits of a specific tensile crack plus deutsuple moment tensor, the
program grid_cdc_plot can be used. A program that allowa fgnid search of explosion
plus double-couple mechanism is also available (grid_expd
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putmt_minson by D. Dreger and S. Minson. This program can be used to prosiuce
thetic seismograms of a user-specified moment tensor sancteource-station azimuth
using the binary output of the FKRPROG software.

putmt_walter by F. Walter. This is equivalent to putmt_minson, howeversies vector
dipoles rather than fundamental faults.

stplot by B. Julian. Software package that can be used to produceestype plots after
Hudson et al. (1989).

fd3d by K. Olsen. This is a parallelized finite difference FORTRAde used to produce
synthetic seismograms in a 3D medium. It can be applied taaylaimensions. The
code was used to generate the vector dipole Green’s Fusais®d in the moment tensor
inversions of the basal events described in Chapter 3.

mt_3dinv.m by F. Walter. This is a Matlab script, which performs the momtensor
inversion using 3D Green’s Functions. The data and Greamstions preparation is
equivalent to tdmt_inv, however, the inversion is basedemtor dipole Green’s Functions
and not on fundamental fault Green’s Functions. Note thatsttript reads time series in
helm format.

mtgrid.m andmtgrid_cdc.m by F. Walter. These are the grid search moment tensor in-
versions equivalent to grid_cdc with and without doubleqale component, respectively.
However, they are based on vector dipole Green’s Functiodsat on fundamental fault
Green’s Functions. The same Green’s Functions as in mtv.8diare used. Note that
this script reads time series in helm format.
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